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SUMMARY 

The object of t h i s  work was t o  study the re la t ionship  between the viscosi-  

I metric and thermodynamic propert ies  of moderately concentrated solut ions of 

vinyl  arcnusrtic polymers. 

toward the s tudies  of t he  viscosi ty  behavior of moderately concentrated solut ions 

and t o  the extension of the proposed new method of general i ta t ion of polymer 

v iscos i ty  data i n t o  the range of higher concentration. 

The main e f fo r t  under t h i s  Contract was t o  be directed 

To attack the problems s t a t ed  above we carr ied out both experimental and 

t heo re t i ca l  work, The first polymer studied experimentally was PAcN. S tar t ing  

the measurements, we found it t o  be sens i t ive  t o  l i g h t  and temperature and m s u i t -  

able  for  v i scos i ty  measurements st higher concentrstiona, 

conclusions concemlng t h i s  problem w i l l  appear i n  J, Polymer Sci,, Polymer Letters, 

aa a note en t i t l ed :  

original text of the note is enclosed 88 a par t  of t h i s  report ,  

The observations and 

On t he  Ine t ab i l i t y  of Polyacenaphthalene in Solution, The 

A f t e r  hsving m a d e  sure t h a t  the other polyvinyl aromatic samples were 

atable ,  w e  carried out t h e  v iscos i ty  measurements of their  benzene solutions 

st 3OoC0 

t h e  o r i g i n a l  Statement of Work of the Contract, in order t o  achieve a more cr i t i -  

cal examination of the proposed method, 

srrmmerized in t h e  form of a preliminary manuscript en t i t l ed :  Viscosity of Vinyl 

Aromatic Polymers. This concludes the  requirements of paragraph ( a ) ( l )  and adds 

t o  the work stated in paragraph (a)(3) of t he  Statement of Work of t he  Contract. 

The concentration range ( c  5 4/[n] g/dl) w88 twice t h a t  mentioned i n  

The reeul ta ,  recently obtained, are 

The analysis  of t h e  appl icabi l i ty  and extension t o  higher concentrations 

of previous articles (as required by paragraph (a)(2)) f o r  12 different  polymer - 
solvent systems has been carried out and wri t ten up i n  the form of a paper 

en t i t l ed :  Corresponding S ta t e  Relat ions f o r  the ReWtonian Viscosity of Polymer 
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I b 

Solutions. Par t  11; Further Systems and Concentrated Solutions, which w i l l  appear a 
i n  J, P o l p e r  Sei., Polymer Phys. Series, It is enclosed as a part  of the report, 

As can be seen, t he  proposed method gives good results f o r  the concentration 

range up t o  50% of polymer w i t h  the exception of low molecular weight polymer - 
very good solvent systems. 

In order t o  better understand the  proposed model of the  interpretation of 

I the  vfscoelty behavior of polymer solutione, t h e  literature data for 'the Huggins 

parameter for 46 systems w e r e  investigated, as reported in the  last paper, en t i t l ed :  

Molecular Weight Dependence o f t h e  H~.&n8 Constant % and the  Parameter Ye A 

semi-theoretical expression relating 5 t o  molecular weight, c o i l  permeability 

and the  magnitude of polymer-solvent interact ions va8 derived. On t h i s  basis an 

absolute sca l e  for our proposed rl /c[n] v8. c/Y plot  waa defined and a correlat ion 

obtained w i t h  the  long range interact ion parameter which defines t he  conformation 

of the macramolecule at i n f i n i t e  di lut ion,  

SP 

a 



I n  the course of a etudy of the eolution v i scos i t i e s  of v in~r l  aromatic 

polymers, we observed that the eff lux tiglee of polysaenaphthylene (PAcR) i n  

beruene and in dichloroethane (m) decrease wlth time, both during t h e  experiments 

and while t h e  soltation is standing. 

A t t e m p t s  were =de t o  find possible causes f o r  such changes by measuring 

solution viscosities under various conditions and by investigating the influence 

of several additivee. Supplimentary mcLasurments of I??, W and ESR (1) spectra, 

gas-liquid chromatography (1)  (CILC) and gel penueution chromatography (1) were 

also carried out. 

Dwbg the prepration of th ia  note, which i a  based on an i n t e rna l  report 

of our results in A p r i l ,  1966, a paper by J. Springer, K. Ueberreiter and 

R. Wengel (2) (8tlw) appeared deal iq with t h e  photodecomposition of PAcN in 

bentane. 

later on. 

W e  shall examine the relationship between those and our findings 

The PAcH samples us& had been synthesiraed by thermal polymeritation in 

bulk (1,3) snd fractionated by the precipitation technique. Their properties 

are slawaricdl in Table I. For the meaaurenents yc wed the original samples, 

and thcm reprecipitated by addlng an spprarioPately 5% solution to MeOH. Before 

the m-enti, the. samples -re dried at 50°C under PBCUUI for ttro vscks. 

Boltents vera purified by wscrhlng, dryha mad d i u t i l l a t i o n  through a column 

prior t o  use. It took 3-5 houm to diesolve the polymer. 

Viacomity nessurunenta were carried out in Ubbelohde - type Viscometers, 

* This research vas supported by the Jet Propulsion Laborstory, 
Cal i fornia  Ins t i t u t e  of Technology, under Study ProJect 951408. 
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using a Mechrolab auto-viscometer and constant temperature bath, t h e  temperature 

being kept constant to *0.005°C a t  25 and 3OoC, For t he  IR spectre, atandsrd 

Perkin-Elmer Models 337 and 137 were used; for t h e  W - vfsible range, Cerey 14 

and Beckman iaetr\nnents, 

by t h e  Stanford Research I n s t i t u t e  and by t h e  Jet  Propulsion Laboratory (1). 

The other  d a t a  mentioned i n  t h i s  note were kindly  supplied 

Some of the  reeultrr obtained for PAcPI - benzene solutions at 25OC are s h m  

i n  Fig. 1, curve8 1 - 3, where t h e  ratio q (t) /Q 
SP SP 

of t i m e ,  t, (in min.), The rate of decrease of t h i s  r a t i o  tends towards a constant 

velue af'ter the i n i t i a l  decrease. &en when t he  ef'f'hx time T w8s measured during 

(t=O) is plot ted as a function 

5 t o  6 days, it vas atill found to  decrease at the same rate. 

i n  TI 

"he relative decrease 

vas found t o  be roughly proportional t o  the solution concentration, 
SP 

N e x t  the  efflux times of benzene solutions of c u 0.5 g / B 1  were measured a t  

0 25OC under the fblloving conditions: 

diameters, 2.) Under an atmosphere of dry air saturated with solvent vspor, 

1.) In viscometers with different capillary 

3.) fn a conventional viscometer under normel- and a nitrogen atmosphere, 4,) After 

bubbling air through the  solution, 5.) I n  t h e  presence of water, 6.) During i r radi-  

ation of the solution w i t h  a mercury lamp, and 7.) I n  8 d-asaed SOlUtiOn i n  a 

sealed viscometer (1). I n  all these cases the eff lux t i m e  decreases at t he  same 

rate as under mmsl conditions. 

I n  a t h i r d  ee t  of measurements w e  checked the effects of temperature, l i g h t ,  

and free rad ica l  scavengers. A comparison of curves 3 mu 6 i n  Fig, 3. shows that 

the rate of decrease of 7 i s  higher at the hiCl;her temperature. 

typical o ( t )  dependences are i l luetrated.  It is found that heat, l i u h t  and Ig 

cause a sharp decrease of 'c, however on returning t o  t h e  i n i t i a l  condition t h e  

normal 4z/6t - value is assumed. On sddi t ion of other  rad ica l  scaventprs (anthra- 

quinone, hydroquinone, DPPH), a different kind of behavior is noted. 

I n  Fie. 2 t h e  

It is seen 

(Fig, 3) t h a t  in all these cases t = 1 (t) passes through sharp m a x i m u m s ,  and then 

in t h e  presence of l i g h t  7 decreases at the usual rate. I n  t h e  absence of l i g h t ,  



however, t h e  flow time becomes constant. 

of DPPn t o  a polystyrene - benzene solution (curve 3, Fig. 3) . 
A similar effect was found on addition 

I n  a separate set of experiments t h e  changes i n  i n t r i n s i c  viscosi ty  of PACT - 
benzene solutions a6 8 function of time and t h e  influence of reprecipitation on 

[n] were studied. Fiq. 4 shows t h e  r e su l t s  for the  oriRinal sample F2, t he  once 

reprecipi ta ted W-1 and t h e  twice reprecipitated F2=2. [n] decreases after each 

reprecipi ta t ion (curves 1, 2a, 3~). After keepinq samples a t  room temperature i n  

t he  dark, the decrease i n  [q] is t h e  same, 2.e. about 0.25 per d4Y9 reqardless of 

whether the  eemple is kept in eolution or i n  t h e  so l id  form (curves 2b, 2c, 3). 

Precipi ta t ion,  followed by drying for two weeks at  5OoC, results i n  a hiRher rate. 

M-data are listed i n  Table I. 

I n  order t o  check for t h e  presence of possible reaction products, a solution 

which was axposed t o  l i g h t  f o r  several weeks and had turned yellow i n  t h a t  t i m e  

vas examined by W, IR, ESR and OW methds. The IT? spectrum of a film and the 

UV spectnrm ofthe solut ion indicate  the  presence of acenaphtlqrlene and acenaphthene. 

OW measurements on t he  aged solution indicate  t h e  presence of oliRmer - type 

products, elthough not of  t h e  monomer. 

t ha t  t h e  free radical concentration does not exceed 1015 sp/q of polymer. 

From t h e  ESR spectrum we can only conclude 

Additional measurements were carried out i n  dlchloroethsne. Xn t h e  course 

of a study of the relat ionship between [n] and temperature, no s i sn i f icant  chances 

i n  T were observed at 25 and 35°C. However, a t  ir5"C, T w a s  found to decrease 

loearithmically w i t h  t i m e  accordina t o  t h e  expression: 

t h e  concentration of t h e  solution equals 0.505 g/dl. 

-hr/At = 1.21/t , where 

Thus, i n  t h e  DCF: system, it 

was possible t o  reach an equilibrium state after su f f i c i en t ly  l o w  periods. 

Fig. 5 p lo t s  of 0 

change markedly after keepins the  solution at t h a t  temperature for 3 days, at 

In 

/c VS. c are shown for  2S0, 35' and 45°C. A t  4 5 O C  t h e  results 
BP 0 

which p o i n t  no hurther changes are noted. A decrease, both i n  [n] f r o m  0.546 to 



0.518, and in t h e  Huffsins coefficient 5 A.am 0.95 t o  0.50 are seen t o  have occurred. 

Polyacenaphthylene is known t o  undergo degr8dation undtr various conditions, 

and stuaies have been reported on thennsl (4,5), anionic (6) and recent ly  also on 

pho todqada t ion  (2). Dilute solution properties of PAcV i n  several solvent8, at 

or near roan temperature have been studied (3,7,8) and edthaugh changes i n  proper- 

ties have been notad (1-31, they were s m a l l  and slow enough i n  these d i l u t e  eystcms 

to be ignored. 

Our observation8 can be sunrmariced by stating tha t  changes i n  t h e  solution 

viecoei t iee  are detectable even at lov concentrations, t h e  relative decrease i n  

rpecific piscosity beiw roughly proportional t o  t h e  solution concentration. With 

b e ~ s e n e  aa solvent , thirr  decrease is not affected by t h e  presence o r  absence of 

air snd ylter, t h e  rate of shear i n  the vlscaneter, or by far TW i r radiat ion.  

is, however, stro-4 accelerated by heat and by near ITV and visible l ight .  

It 

The 

chrurge m e a m  t o  take place even in t h e  dark, at room temperature and i n  solid 

rramplee, although at 8 reduced rate. A comparison of t h e  molecular weights and 

the i r  d ie t r ibu t ions  for each sample before and srter reprecipi ta t ion (Table T) 

shows t h a t  t h e  former decreaee as a resat of t h e  reprecipi ta t ion treatment, i n  

m o B t  cases 20% or more, and t ha t  the molecular weight d i s t r ibu t ion  tends t o  

become broader. 

PAcW samples, and on the available evidence a free - rad ica l  mechanism seeins vew 

All t h i s  paints  t o t h e  existence of a dtmadation reaction i n  t he  

l ike ly .  

cular weight suggesf that  t h i s  cannot be exclusively a randam chain sciss ion 

The slow decrease i n  viscosi ty  and the  relatively small changes i n  mole- 

reaction. 

t h a t  an -sipping process is  at least partially responsible f o r  t ho  exis t ing chanKes. 

The acceleration of the dearadation by iod ine  can be explained i n  terms of 

Also t h e  presence of monomer and O l i v e r 8  i n  t he  aged samples sugqest 

m radical trappin& and thus o r  8 h i f t i W  a possibly exis t inq demadation - recombin- 

a t ion  equilibrium i n  t h e  direct ion of deqradation, or a l te rna t ive ly  by i ts  action 



as a free radical i n i t i a t o r .  

fact t h a t  efficient radical scavengers like DPPH act i n  a completely d i f f e ren t  

manner. 

The l a t t e r  poss ib i l i t y  1s in better accord with t h e  

(The occurrenoe of t h e  same e f f e c t  of DPPH i n  t h e  polystyrene -. benzene 

systcans, s h m  that it i6 not spec i f ica l ly  related t o  the  phenomena associated 

v l t h  PAcI whfch we  are discussing.) 

In DCE, Pig. 4, t h e  behavior i s  quite different. Tho change in [n] and in 

s, aa well am t h e  existence of an equilibrium, indicate that both  confippzrational 

anU degradation& change8 m y  be occurring simultaneously. mis difference could 

be iiue t o  t he  decreased so lub i l i t y  ( 0  = 35OC) and BII enhanced poss ib i l i t y  for 

chain transfer with the solvent. The t r ans fe r  constante for bentene and DCE w i t h  

styrene at 60°C are 1.8 x loo6 snb 3.2 x loo5 respectively (11). 

In qmlftatlve accord with our results, Buw (2) also observe 8 viscos i ty  

a decrease With t i m e .  They too f ind  tha t  t he  process is stronj3ly accelerated by 

l ight,  and acpdnaent on wavelength, concentration and molecular weight. 

while in our semplss and i n  t h e  abeence of l i gh t ,  a var ia t ion i n  [q] of about 4% 

occurs in 25 days, their  values of q 

i n t e r v a l  In solutions insdiated with 8 wavelength of 368 mu. 

Howtver, 

/c decrease by ca. 50% during the  mame time 
SP 

I n  daylight,  at any 

rate, we observe a change i n  rj / c  of about 0.5% per day. 
rrp 

The m e c h s n i s m  proposed by 81lW is a photo - i n i t i a t e d  preponderant random 

chafn 8cission, M compared with our suggestion of a nixed chain scission - 
untipping process. 

obtained in the  two s tudies ,  namely: [dmW = 3.04 x 10 M n O.5g4 versus - 8.10 x 10 -5 Mw Om6T2 , c d c u l a t d  [%JL 

Another difference is found hatween the [q] - M r e l a t ions  

us. 

While the difference in t h e  apparent mechanisms of degradation cm be ex- 

plained by t h e  different conditions of t h e  reaction, t h e  difference in t h e  ob= 

served [,,I - M r e l a t ions  must be due t o  a di f fe ren t  reason. 

t h e  main point of t h i s  work, we can speculate on possihle reasons for these diver- 

AlthourSh t h i s  is not 



gent resulta. Arefuming v i scos i t i e s  and otmaotic preelrures vere obtained SUW 

nearly aimultansolrsly for a given sample, one may look f o r  possible differences 

between the t w o  6et8 of sumples. They could reside in molecular wei(;lht d i s t r i -  

bution (MWD), stereoregular i ty  (S), or bnmchiq. 

readily rejected: 

M, or if M P n  - conat. f o r  a l l  samples (const. - 1.75) h] for the lowest and 

higbeut M - r o r p l e m  vould devirrte In opposite direct ions more than 20%; S would 

The two first causes can be 

MWD vould require t h e  heterogeneity to liecrease wi th  increasinq 

d d  8 lower degroe of s tereoregular i ty  f o r  SUW. In  Fie. 6, the JPL samples 

exhibi t  no dlffurencer related t o  t h e i r  method of preparation, i nc lud iw  solution 

polymerlmtion, which if at all, should have resulted i n  a lower v iscos i ty  exponent. 

Aa f o r  branching, t h a c  is no evidence I n  present resultlr, but it would be compat- 

ible vith tho change in t h e  viscoai tp  exponent snd t h e  high conversions in SUW. 
% 

Arraming [mlB = f o r  M = lo4, which le& t o  Mw/Mn * 2.5 f o r  t h e  SUW eamplerr, 

(8-  pie. 6) mad raadom branching w i t h  n - 0.65 (12) i n  t h e  expression [nIB/[nlL = 

an, we can &bate a number of brsnchea, as. f = 2 and f - 5 for M = 10 and 

M = 10 , respectively, (vhere f - 1 fo r  a linear chaln). 

kinetic eomldrrrtions would indicate  long branches. 

exis tenec of weak links at the  branch pointi, it would follow that t h e  main process 

i n  t h e  SUW ~ l c s  cons is t s  of a chopping off of t h e  branches. This could lead to 

t h e  kinetic8 found for t h e  apparent randam .. chsin scission rpoce8s I n  the heRinning 

(150-300 hrs.), and for t he  subsequent departures. 

4 

6 In such a caae the 

If we further assume t he  

(1) The synthesis of t h e  samples, and t he  l ieht-scat ter ing,  ommet ry ,  gas - 
l i q u i d  chromatography and electron-spin resonance measure~nent8, as w e l l  as 

v i s c o s i t i e s  i n  a sealed viscaneter, were carried out throuqh t h e  courtesy of 
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I)r. J. Moecanin, at the Jet Propulsion T&oratory, Cal Tech, Pasadena, 

California. 

the Stanford Research I n s t i t u t e .  

The gel permeation mtaeurcmeate were done by T k .  J. Heller at 

(2) Springer, J.,  K.  Ueherreltcr and F Wenrrcl, '.!akromol. Chem. , 96, 134 (1966) . 
(3) Moacanin, 3.. A. Fembaum and R. JC. Lsudenslwcr, ACS Polymer Preprints ,  5, 

179 (1963). 

1,. lltracki 

N a a m i  Flliezer' 

R. Simha 

Tlepartment of Chemistry 

lh ivers l ty  of Southern California 

@ r,os AnEeles, California 

* On leave from 

The Heizmann I n s t i t u t e  of Science, Rehovoth, Israel 
~ ~~~~ ~~~~~~~~~ 



TABLE I 

Propertlea of PAcl Samples 

Gel permeation cbra~matography lntolvas a residence time of the sslaple on the 

column of 2 hrs.  at 70%; sample F1 vaa used for calibration, 



I , 

F%ge 1, 

SP 

Specific viscosi ty  ratio of bentene solutione aa a function of time. 

r) (t=O) refers t o  the value immediately after the preparation o? the solution, 

Fig, 2, E f f e c t 6  of he&, l i g h t  sad iodine on e f f lux  times, t, of benzene 

solut ions at 25°C; c 

1, 

on at point shown by arrow, 

by 8 1 T o w b  

0,5 g/dl, 

Solution kept at 7OoC between points shown by arrows. 

3. 

2, neon l i g h t  switched 

Iodine added t o  t h e  solution at point shown 

Fig, 3, 

at 25OC; c = 0.5 g/dl. 

1, DPPFI added t o  PAcH. 2. Anthraquinone added t o  PAcN, 3. DPPH added t o  

polystyrene. 

due t o  molvent evaporation during t h e  experiment. 

Effect of rad ica l  scavenaers on eff lux time, t, o? benecne solutions 

Tbe increase i n  t i n  the i n i t i a l  and f i n a l  part of t h i s  curve is 

Fig- 4, 

et 25OC. 

stunplea F2-1 and F2-2 measured after keeping i n  solut ion f o r  25 days, 

rrsmple F2-1 af'ter keepiw i n  so l id  form f o r  25 days.  

mitic viscos i ty  as a function of concentration f o r  benzene solut ions 

1, 2a and 3a, samples F2, F2-1 end F2-2, see Table I. 2b and 3, 

2c, 

kept for 3 days at 45°C. 
. -  

Fig, 60 

solut ione 8% 25OC. 

Intrinsic viscosity - molecular weight relationship for benzene 

Upper curve, number average, lower curve, weight average 

molecular wight. a 
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SOLUTION VISCOSITY OF VINYL AROMATIC POLYMERS 

Introdukt ion 

It has been reported recent ly  tha t  t he  viscosi ty  of polymer solutions can 

be expressed as a general function, independent of molecular weight ( M ) ;  

‘L 
where c c/y, and the  parameter y = y(M,T) is charac te r i s t ic  of the  polymer - 
solvent system, independent on concentration ( c ) .  

The above statement was f i r s t  derived from analysis  of n-c data of polysty- 

rene (PS) solutions i n  0 solvents (’), l a t e r  found t o  hold f o r  PS- near 0 solvent 

systems (2) and very recent ly  proven t o  be va l id  f o r  polyisobutene a poly- 

vinyl chloride (PVC) , polyvinyl alcohol -, ce l lu lose  der ivat ives  (Cell. ) and 

polyisoprene ?.@!Z$ solutions ( 3 ) .  The v i scos i t i e s  fo r  these 12 d i f fe ren t  polymer - 
solvent systems were measured i n  d i f fe ren t  laborator ies ,  by d i f fe ren t  methods using 

samples of d i f fe ren t  heterogeneities. 

data gave very good r e s u l t s  i n  t h e  whole range of concentrations (up t o  50%) f o r  

polymer-poor solvent systems. 

The proposed method of representing v iscos i ty  

With increasing solvent power deviations i n  t h e  

lower molecular weight region were observed. 

f o r  En1-M and [n]-T re la t ions .  

f o r  samples with M 5 15,000, for  PIB-isooctane f o r  M 

hexane for  Id S 26,000. 

These systems show similar deviations 

For the  PS-toluene system w e  observed deviations 

20,000, and f o r  PVC-cyclo- 

I n  t h i s  paper w e  present c-n data fo r  benzene solutions at  3OoC of t h ree  

v inyl  aromatic polymers : poly-4-vinyl biphenyl (PVB ) , poly-1-vinyl naphthalene 

(P-1-VN) , and poly-2-vinyl naphthalen %%?2ii range of concentration c 4/[n1 
(g/dl) . The c-n re la t ions  fo r  these polymers can be d i r ec t ly  compared with the  

PS-solvent systems. It i s  of par t icu lar  i n t e r e s t  t o  see how t h e  increased bulk 
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of these aromatic s ide  groups, and t h e i r  various conformations would a f fec t  t h e  

polymer chain configuration and its solution behavior, a 

The polymers were kii&Ly-suppl-ied bd%iT Stanford Research Inst i tuteS 

were prepared by anionic polymerization, f ract ionated and characterized by ge l  

permeation chromatography (GPC)  ( 4 )  . 

They 

PVB and P-2-VN samples were reprecipi ta ted 

i n  our laboratory from benzene solution by MeOH and dried i n  a vacuum oven f o r  

two weeks at 50°C. Selected samples of these polymers measured before and after 

t h e  prec ip i ta t ion  showed no change i n  [r l ]  and i n  t h e  Huggins constant kl, 

P-1-VN w e  found t h a t  addi t ional  purif icat ion w a s  not needed. 

For 

The charac te r i s t ics  

of a l l  samples a re  presented i n  Table I, - 
Mallinckrodt s analy t ica l  reagent grade thiophene-free benzene (&rther, -7 was - 

pur i f ied  by r ec t i f i ca t ion  on a packed column from over sodium wire, 

experiments t he  middle f rac t ion  (BOP. = 80.0 - 80.1OC) P ' from 

For a l l  t h e  

t h e  same batch was used. 

The polymer solutions were prepared one day before measurements i n  10 m l  

volumetric flasks by heating t h e  polymer-solvent mixture up t o  50°C f o r  ca. 30 min. 

Due t o  spec ia l  care taken during t h e  reprec ip i ta t ion  of polymer and t h e  pur i f ica t ion  

of t he  solvent, both components were dust-free and t h e  solutions did not require  

The viscosi ty  measurements were car r ied  out i n  a Hewlett-Packard Auto-visco- 

meter Model 5901A w i t h  constant temperature bath Model 5901A, using Cannon- 

Ubbelohde d i lu t ion  visconeters,  cal ibrated by means of NBS-standard v iscos i ty  o i l s .  

The viscosimeter constants a re  shown i n  Table 11. Kinetic energy and density 

corrections were applied t o  a l l  individual measurements. 

correct ion f o r  a rate of shear dependence, 

We did not apply any 

From Table I1 one can see t h a t  f o r  al l  
0 
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% 

i systems B - < Bmm = Bcrit /lo, where Bcrit i s  a generalized r a t e  of shear above 

l which [n](B) starts t o  decrease; thus we shiuld not expect any deviation due t o  

shear s t r e s s  i n  t h e  region of i n f i n i t e  di lut ion.  A s  far as t h e  higher range of c 

and n i s  concerned we found t h a t  the  v iscos i ty  of t he  same solut ion (n = 1.5 cp) 

measured e i the r  i n  viscometer 1 o r  2 had the  same value within t h e  experimental 

e r ror ,  which indicates t he  absence of shear s t r e s s  influence i n  t h i s  region as well. 

For each curve n(M=const.) = n(c) four i n i t i a l  solutions were prepared i n  

The [n]'s were determined from highly di luted i n i t i a l  solutions. To ca lcu la te  

each [n] value two methods were applied: 1) using t h e  viscometer conatants A and 

B (Table 11) and the  solution density we calculated t h e  viscosi ty  of each solut ion 

from i t s  e f f lux  time, T. Using t h e  solvent viscosi ty  no = 0.564 cp, a p lo t  of 

/c VS. c was constructed. From t h i s  p lo t  [n] and kl were d i r ec t ly  obtained. 
SP 

These values a re  shown i n  columns 2b and 3@ i n  Table 111. 

calculat ing [n] had been proposed by one of t h e  authors ( 6 )  : 

2)  The second way of 

I instead of applying 

t h e  k ine t ic  and density corrections t o  each individual T value, t h e  new s e t  of 

constants [ r ]  and klr $$ calculated from the  ( T - ~ ~ ) / T ~ C  VS. c p lo t  ( ' r 0  i s  the 

eff lux time of the  solvent).  

1J6A 

h-LK 
From the values of [r]  and klr, [n] and kl m - b e c  

calculated using the  following equations: 

2 -1 -1 where H B / A T ~  and D = 1Oo2(d0 - d >. As usual [TI] i s  expressed here i n  
P 

dl /g  un i t s ,  and do and d are solvent and polymer dens i t ies  i n  g/ml. 
P 

I n  columns 4 and 5 (Table 111) the  [T] and klr data are shown and i n  columns 

6 and 7 [TI] and kl calculated from them by eq. (2) .  

i s  qu i t e  good. 

As can be seen, t h e  agreement 

The [n] and k data shown i n  Table I a re  the  average values of 1 
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those shown i n  Table 111. 

Results 

The n /c values obtained fo r  the th ree  polymers a r e  shown i n  Table I V .  The 
SP 

'L n values (eq. (1)) calculated from these data were p lo t ted  on a double logarithmic 

plot  VS. c ,  and t h e  curves obtained for  t he  various M samples of each polymer 

were sh i f ted  along the  c axis (1) t o  get  t h e  master-curve of tl = tl(c) as shown 

i n  Figs. 1-3. 

W 
'L % %  

From these sh i f t i ng  procedures, values of t h e  sh i f t ing  parameter 

y '  were obtained, using one molecular weight as  a reference, w i t h  y '  = 1. 

y'-values were converted t o  y2-values through t h e  r e l a t ion  ( 7 )  

The 
- 

y2 = Ky', where 
- 
K i s  t h e  average of K* = yl/y' over all molecular weights f o r  one polymer. 

yl-values were calculated from t h e  separate s e t  of lowest concentration v iscos i ty  

data by means of t h e  equation 

The 

= const. /kl [ n] 
y1 \ 

3 

where t h e  value-oE-ths-tmsk.. e s y s t e m ;  

( 3 )  

2, % The y and y values thus  obtained 1 2 c values shown i n  Figs. 1-3 are c =: C/y2. 

a r e  given i n  colunns 8 and 9 of Table I, and a r e  p lo t ted  against  ?.Iw i n  the  i n s e r t s  

i n  Figs. 1-3. In  t h e  same f igures ,  [n] values are a lso  shown as a function of 

From those in se r t  p lo t s  t he  M dependence constants i n  the  expressions 
MW' 

h l  = ma 

-al 
y = KIM 

were calculated.  Their values a re  shown i n  Table V. 

Discussion 

% 
From t he  tl against 2 p lo t s  shown i n  Figs. 1-3 it i s  c lear ly  seen t h a t  t he  
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proposed method for  t h e  superposition of rl-c data  i s  applicable t o  t h e  th ree  

investigated polymers t o  varying degrees. 

P-2-VN, where t h e  M-range i s  similar, show a very d i f f e ren t  behavior. 

the  n VS. c data f o r  samples of M 5 103,000 deviate f ron t h e  general  curve, 

whereas fo r  P-2-VN t he  data f o r  a l l  investigated samples with M 2 48,900 can be 

superimposed. 

avai lable ,  making a general. statement about t h e  behavior of t h i s  polymer very 

d i f f i c u l t .  However, comparing samples w i t h  similar M-values of t h e  three polymers 

it can be concluded t h a t  a deviation from t h e  general r e l a t ion  i s  apparent f o r  

P-l-W, though less pronounced than f o r  PVB. 

concentration range and t h e  preparation, treatment and measurements of t h e  solut ions 

were t h e  same i n  a l l  cases,  t h e  observed difference can be ascribed only t o  

differences i n  t h e  conformations and configurations of the  macromolecules i n  

Par t icu lar ly ,  t h e  data f o r  PVB and 

For PVB, 
2, I, 

I n  t h e  case of P-1-VN only a f e w  samples i n  a narrow M-range were 

Since t h e  solvent, temperature, 

solut ion . 
For a possible explanation of the varying app l i cab i l i t y  of t he  superposit ion 

treatment t o  these polymers, w e  look first at  t h e  in te rac t ions  between so lu te  and 

solvent molecules. It i s  generally accepted tha t  t he  magnitudes of these  in te r -  

act ions f o r  vinyl  polymers are related t o  t h e  exponent a i n  eq. ( h a )  and 

increase of a i s  taken as an indication of increase of solvent power. It must ’ 

be noted however, t h a t  

The values of K and a , along w i t h  those of K and 

Tzh2.e V; 

PS-cyclohexane at 34.4OC (0-system) and f o r  PS-toluene a t  3OoC ( 1 ) .  

a incorporates an e f f ec t  of polymer conformation as w e l l .  

al (eq. (bb) )  are shown i n  11 
For cnmyarison: Table V also includes t h e  corresponding values f o r  

Before proceeding any f’urther, w e  would l i k e  t o  point out tha t  t h e  values 

l i s ted  i n  Table V f o r  PVB, P-1-VN and P-2-VN were calculated by us from the [TI] 

and y vs . M p lo t s  (see inse r t s  i n  Figs . 1-3). 

GPC, and t h e  Q parameters r e l a t ing  e lu t ion  d i s t r ibu t ion  averages t o  M-averages 

The Mw values were determined by 
W 

were ca l ibra ted  by l i g h t  sca t te r ing  and osmotic pressure data f o r  several  samples, 
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independently, f o r  each of' t h e  t W e e  polymers (4). 

Qn 4 Qw were found. 

c a l  values of &w should not be correct,  give a be t t e r  r e l a t i v e  s e t  of values f o r  

all samples of t h e  same polymer than would other methods. 

I n  all cases, the averages 

I n  our opinion the M calculated from GPC, even i f  t h e  numeri- 
W 

Thus, a possible  e r ro r  

i n  &w may af fec t  t h e  K and K,. values, but not those of a and a I n  Table V 

w e a m =  a l so  showXQ8 the  values of 
1' 

a and K l i s t e d  i n  the  l i t e r a t u r e .  It can be 

seen t h a t  our a-values are t h e  lowest i n  a l l  cases. 

t i a l l y  by t h e  f ac t  t h a t  t h e  density-correction i n  t h e  calculat ion of [n] i s  usually 

neglected, ( t h i s  may account f o r  an e r ror  of up t o  5% i n  [n] i n  t h e  lower M region) 

and by the  influence of M-heterogeneities of polymer samples. 

This can be explained par- 

It i s  seen t h a t  t he  a's increase i n  t h e  order P-2-VN - PVB - P-1-VN, which 

does not agree&& w i t h  the  order of t h e  increasing deviations from the  general  

n-c r e l a t ion  nor with t h e  increasing s o l u b i l i t i e s  of polymers, namely P-2-VN - % %  

P-1-VN - PVB. 
A more d i r ec t  insight  i n t o  the  polymer-solvent in te rac t ion  problem can be 

obtained by a separation of the  short- and long-range interact ions within t h e  

polymer chain, incorporated i n  [TI] and t h e  second v i r i a l  coeff ic ient  data. 

parameter theories  (13,14) permit such separation according t o  

Two 
' ic fcikilca9 ', 

B (1/4 T ~ ' ~ ) ( N ~ B / ~ M ~ )  

where N is t h e  number of chain carbon atoms, and the otner symbois have tilelie 

usual meaning. From [ TI] vs , M 'I2 p lo t s ,  and assuming the  Flory-constant 
. -- 

,' 21 
j IC Q0 = 2.87 X A'$, w e  calculated the  values of A. and B shown i n  Table V. The 

8 

\ 0 
Borresponding Values f o r  PS=toluene at  25OC ( 13) are A- = 0.986 A and B = 2.4 X 

U 
&L 0 ive  length of t h e  

Other sources ( 15) give"even higher value (0.988 A )  fo r  at i s t i c a l  segment'bond 
\ b -4 of unperturbed a t a c t i c  PS. It i s  in te res t ing  t o  note t h e  following r e su l t s :  
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1) me short  and long range interact ion parameters A. and B are of t h e  same order 

of magnitude f o r  PVB and PS-toluene solutions;  

interact ion parameter A 

trast with P-LVN, P-2-VN has t h e  la rges t  A 

same time a r e l a t ive ly  small B , .  indicating weak interact ions between solvent 

2)  For P-1-VN t h e  short  range a 
i s  comparatively smaller, but B i s  la rger ;  3 )  I n  con- 

0 

( the  most extended c o i l )  and at the  
0 

molecules and polymer segments. 

The A values decreasing i n  the order P-2-VN - PS - PVB - P-1-VN indicate  
0 

a decrease i n  t h a t  order of t h e  effect ive bond length, 

The pa ra l l e l  increase of B would thus point 

t o  increasing f e a s i b i l i t y  of segment-solvent competitive interaction.- 

I?-2-VN molecules with t h e  naphthalene r ings s t icking far out can eas i ly  in te rac t  

amowg themselves, possibly i n  some fashion of stacking, t o  c rea te  extended 

rod-like s t ructure ,  possibly of some he l i ca l  character. I n  such s t ructures ,  t h e  

number of sites available fo r  polymer-solvent interact ions is decreased, which lowers 

t h e  value of t h e  parameter B. I n  the case of P-LVN, on t h e  other hand, t h e  

freedom of movement of the  naphthalene r ings may be s t e r i c a l l y  hindered more 

strongly,  preventing any kind of ordering of the  side groups, i;e. preventing 

t h e  formation of a highly-oriented chain conformation. Thus, segment-solvent 

interact ions may be preferred,  resu l t ing  i n  a more coiled s t ruc ture  and a higher 

B value. 
[for the  three  investigated polymers) 

To summarize, t h e  order of increasing B-valuesicorresponds t o  t h e  order of 

decreasing A- and simultaneously t o  t h e  increasing values of t h e  a-exponents. b d c @  ,tf 

both a from t h e  order of the  observed so lub i l i t y  and the  app1ic.a- 

b i l i t y  of t he  superposition method, 

posi t ion of PVB and P-1-VN. 

narrow M-range avai lable  and due t o  t h e  la rge  @kckdsq er ror  i n  calculating B, 

This  difference involves the  reversa l  of 

Due t o  the  l imited number of P-1-VN sample and the  

we cannot decide whether t h i s  reversal  i s  real, o r  r e s u l t s  from an experimental 

e r ror .  

, 
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LEGENDS TO FIGURES 

% Fig. 1. 

ples of P-1-VN i n  benzene a t  30OC. 

y2 and y1 I 1.18/kl[n] as flmctions of blw. 

Reduced v iscos i ty  TI as a function of reduced concentration 2 f o r  four sam- 

Inser t ;  [TI] , concentration reducing fac tor  

Fig. 2. Reduced v iscos i ty  

P-2-VN samples i n  benzene at 3OoC.  

y2 and y1 I l.18/kl[n] as function of llV. 

as a func.tion of reduced concentration 2 fo r  s i x  

Inser t ;  [ TI] , concentration reducing fac tor  

% 2r 
Fig. 3. 

PVB samples i n  benzene at  3OoC. 

Reduced v iscos i ty  TI as a function of reduced concentration c fo r  six 

Inser t ;  [TI], concentration reducing f a c t o r ?  and 

Z 1.18/kl[n] as f'unction of Mw. Y 1  

'L 
Fig. 4. 

reduced concentration c f o r  PS-0 solvent (curve 11, FS-toluene-3O0C (curve 2), 

P-1-VN benzene - 3OoC (curve 3 ) ,  P-2-W benzene - 3OoC (curve 41, PVB-benzene - 
3OoC (curve 5) and PVC-cyclohexanone - 3OoC (curve 6) .  

Summary semilogarithmic plot  of reduced v iscos i ty  TI as a f'unction of 
% 

'L 
Fig. 5. 

new variable:  c E c A  . For explanation see t ex t .  The notation of curves i s  

t h e  same as i n  Fig. 4. 

Sunmazy semilogarithmic plot of reduced v iscos i ty  TI as a function of 
'L 2r 

0 



TABLE I 

Characteristics of polymer samples. 

- Benzene - - - 3OoC 

Mlr’MrA [ nI* klc kl[d Y 1  y2 9 
No. Symbol Mv* 10“’ 

I 

Poly-4-vinyl biphenyl 

8080-63-1 1,104.0 2.15 1 . 281 0.357 0.457 2.58 2.73 

2 8080-41-1 706.5 2.06 0 . 940 0.329 0.309 3.81 4.10 

3 8080-71-1 169 . 4 1.45 0 . 381 0.332 0.126 9.33 8.76 

0.402 C.1005 11.74 12.38 4 8080-56-1 103.0 1.52 0 . 248 

5 8080-51-1 80.8 1.26 0 . 234 0.364 0.08$5 13.79 13.30 

6 I ’ .  . h i -‘I” 10.5”‘ - ** 0 070 0.710 0.0497 23.74 22.12 
, * .  

Poly-1-vinyl naphthalene 

6 0 

8080-59-1 

8080-66-1 

8080-88-1 

8036.98 

8080-44-1 

8080-70-1 

8 O 8 0- 5 8-1 

8080-48-1 

8080-68-1 

8080-61-1 

736.1 

563 . 4 

306.1 

182.5 

64.0 

48.9 

1.14 

1.48 

1.05 

1.06 

1.55 

1.88 

1.41 

1.29 

0 . 387 0.428 0.165 7.15 7.63 

0 372 0.400 0.149 ‘ 7.92 7.87 

9.44 9.98 0.462 0.125 0 . 270 

0 . 156 0.504 0.0788 14.97 12.91 

Poly-2-vinyl naphthalene 

1 072 0.329 0.353 3.34 3.17 ‘ 

0 . 880 0.358 0.315 3.75 3.77 

0 . 662 0.361 0,239 4.93 4.76 

0.453 0,424 0.191 6.181 6.17 

0 . 229 0,493 0.113 10.45 9.85 

0 . 204 0.500 0.102 11.56 11.56 

* 
z 4 re/ .  4 .  

The average values from the data shown in TABLE 111. 



TABLE If 

Characteristics of viscometers, 

Cannon Inst. Co. 
No* Symbol A B 'max 

1 D-707/50 0 , 0041543 1 425 1.48 o , 0261 

2 D-442/100 0 . 013718 2.60 0.89 . 0 . 0158 

Constants A and B from the relation v(cst ) = AT - B/T , where T is the efflux 
time in sec. 

of shear: 

Gma and Bmax = maximum rate of shear and m a x i m u m  generalized rate 

BmaX E ( [nJn ,  M / R T ) G ~ ~  (no is solvent viscosity), 
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VISCOSITY OF POLIII'IEEI SOLUTIOiTS , 

t Robert Simha and Lechoslav Utracki 

Department of Cheaistry, Universit3 of Southerr, Cal i fornia  

LOS Angeles, Cal i fornia  90007 

I n  e a r l i e r  work we have indiczted a superposition ?rir ,ciple fo r  

xoderately concentrated mixtures ( c  & 2 / [ n ] ,  i n  g / d l )  iri good and poor 

solvents. 

lose derivzt ives  i n  good as weil as  poor solvents,  t h e  v s l i d i t y  of t h i s  

pr inciple  is  extended t o  concentrated solut ions ( c  

By 2-n exminction of dct3 on a r,umber of v inyl  polymers and cellu- 

50%) The chs rzc t c r i s t i c  

over t h e  whole concentration -% concentrat ion f c c t  or 's2 y is proportional t o  I." 

< rcnge, with 0.47 5 

t h e  r e s u l t  obtained earlier. 

arc noted i n  good solvents for those l o v  molecular reigh.ts, which a l so  deviate 

2rom t h e  usual i n t r i n s i c  

- 1.10 being 1zrp3er for good! t'ra for p o q ~  solvents,  ?-1 
Signific?,nt d-evistions fron t h i s  rcl?.tionship 

v iscos i ty  rel?.tionship. This m a y  be r e ln t ed  t o  

t h e  expansion f cc to r  of t h e  polyner co i l .  

Based on these  results, t h e  concentrcztion 2nd Toleculor YJeight 

deper,dence o f  t h e  v iscos i ty  i n  t h e  concmtrcted solut ion can be r e l z t ed  

t o  ecch o ther  i n  t e r n s  of t h e  pfirxrdxr a 1' m d  thus t o  thcmodvncmic 

% 
This rcsecrch WLS supported by the Je t  Propulsion L,nSor3hoq~, 
Cal i fornia  I n s t i t u t e  oc Technology, a ider  Study Projcct  951408. 

'J'. F. Kennedy Memorial Foundation Fellow, The Weizmann I n s t i t u t e  of Science, 
Rehovoth, I s r ae l ,  1 9 6 6 4 6 7 ,  
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character is t ics .  

and concentrated regions i s  established, Currently used seTimpir ica1 

In  t h i s  manner a bridge betveen t h e  r e l a t ive ly  d i lu t e  0 
expressions are analyzed i n  ternis of these resu l t s .  

cyclohexane systea and 0 - 3 2 T 2 0 + 3, y can be ident i f ied  wi th  t h e  

c r i t i c a l  concentration for  phase separation. 

For t h e  polystyrene - 

Provided an "entanglement" 

concentr.ation c ex i s t s ,  i n  t h e  neiThborhood of which the  concentration 

dependence of t h e  viscosi ty  changes rapidly,  Y can a l te rna t ive ly  be 
e 

shown t o  be proportional t o  ce, or c OC 14 -"1 . The temperature reduction 
e 

scheme suggested e a r l i e r  rexains to  be investigEted. 

I. INTRODUCTION 

In previous paperslS2 w e  have developed a procedure fo r  the description 

. of viscosity-concentration functions which leads t o  master curves over 

a wide range of molecular weishts. iforeover it was  possible t o  r e l a t e  

i n  poor solvents ( T  i n  t he  neighborhood of 0 )  t he  charac te r i s t ic  concen- 

t r a t i o n  y t o  a thermodynamic paraneter, nanely t h e  c r i t i c a l  concentration 

f o r  phase separation. The polymers studied i n  one o r  several  solvents 

were polystyrene, polymethyl nethacrylate and a copolymer of these. 

As a corollary of these r e su l t s  the Hugqins paraneter k 

varyiny: inverse function of ??. 

becomes a s l o ~ r l y  1 

;.lore recently3 it was shown that  t he  

concentration c at which conventional p lo ts  of n /c exhibit  an upswing, 
1' SP 

usually ascribed t o  adsorption effects ,  is proportional t o  y. 

The r e su l t s  so f a r  gresented apply t o  r e l a t ive ly  low concentrations 

of t h e  order of 2/[n]. The purpose of t h i s  paper i s  twofold. p i r s t ,  

we w i s h  t o  extend our considerations t o  further pol-per-solvent systems, 

both good and poor, which have become available i n  a similar range of 
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concentrations. 

very d i f fe ren t  polymers, t o  what extent our previous considerations may 

be generalized t o  include t h e  concentrated range, which encompasses t h e  

so-called entanglement region. 

Secondly we sha l l  invest igate  by means of chemically 

0 

I1 . MODER4TE CONCENTRATIONS 

1. Polystyrene: Previous rneasurementsls2 on the  polystyrene - 
cyclohexane system i n  the  neighborhood of the  0 - temperature, 

t = o + l j , 0  

exhibits t h e  

4 = 34.4OC, have been extended t o  6 = +3, -6, and -9. 

f b c t i o n  s 

Fig. 1 

The y's used 

2, Q L l r  2, 
nsp/(c[nI) rl = rl(c); c c/Y 

f o r  t he  seven anionic polymers are those previously 

determined' with E! = 1.46 x 10 5 selected as the  reference sample 
n 

f o r  toluene. 

phase separation. 

Moreover, there a3pears a de f in i t e  s t ra ight  l i n e  portion, i.e., the  Vartin 

r e l a t i o n  i s  here obeyed. 

at 30 and 48OC are recapi tulated f o r  comparison. 

function; 11 

by Shh?. znC Sor?cynslty f o r  aphericzl  suspensions .' 
t r z t i o n  $I 

function by polyrier solut ions,  2,s we ~ S S  f ro3  good t o  poor solvents,  is noted. 

For cyclohexane, y 3 c the  c r i t i c a l  concentration f o r  c r '  

A good f i t  i s  noted over t he  whole range of temperatures. 

1 In  t h e  same p lo t ,  t h e  results f o r  toluene 

Final ly  there appears t h e  

/2.50 (where C) i s  ?. volwd f r n c t i m  cf 2. suspcnsion), derived 
SP 

The roducing concen- 

here corrzsponds t o  closi: pcckinq. Thc -.ppro,o.ch t o  t h i s  nax 

6 
2. Polyisobutene: Recently, Lung-Yu Chou investigated a good 

(cyclohexane, 25'C) and a 0 - solvent (benzene, 24OC) up t o  v i scos i t i e s  

of 14 centipoise.  4 The four fractions range i n  1jv from 1.05 X 1 0  t o  
6 1.08 X 10 . Fig. 2 shows the  resu l t s ,  and the  s imi l a r i t y  with Fig, 1 

0 
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i s  noted. 

product kl[ n], which is  given by: 

Pig. 3 depicts t h e  molecular weight dependence of y and the  

y = l/(kl[Tll) 

with Y = const. If -al 

and [TI] = const.' Na. 
4 

M = 5.9 x 10 . 
for cyclohexane, a = 0.64. 

independent y and kl[n]-data were used sinultaneously. 

may be cmpared with EL = 0.47 and 0.64 for polystyrene i n  8 and toluene 

respectively. 

The reference sample has a molecular veight 

Warn Fig. 3 w e  obtain: f o r  t he  0 - solvent, a = 0.47, 
V 1 

I n  t h e  construction of these l i n e s  t h e  

Tn i s  result 
1 

1 

Considering procedural and expe rhen ta l  sources of e r ro r  

i n  determining y and k,[n], t h e  fit i n  Fig. 3 is qui te  adequate. 

However, i n  benzene t h e  deviation of the  highest molecular weight from 

the  master curve, Fig. 2, is s igni f icant ,  but t h e  experimental data 

themselves do not follow a smooth relat ion.  

111 . ELEVATED CONCm-WTIOFJS 

7 1. Poly(viny1 chloride) : Pezzin and Gligo have presented viscosi ty  

data for ei3ht f rac t ions  and two blends i n  cyclohexanone. 

average nolecular weights ranged fron about 10 

The weight 
4 t o  2.3 x lo5,  t he  con- 

centrat ions fron approximately 0.2 t o  41  vt. ? and t h e  v i scos i t i e s  

from 0.02 t o  133 poise. In  Fig. 4, t h e  logarithmic deyendence of on 

%I 5 c i s  presented. Here t h e  reference molecular wetqht is 1.1 x 10 . A 

sa t i s f ac to ry  superposition i s  achieved for both f rac t ions  and blends 

w i t h  t h e  exception of the  lowest f rac t ions  (Fv = 10,500 and 26,000) 

vhich produce s igni f icant  deviations, 

of Y. 

These are a l s o  noted i n  t h e  plot  

The l i n e  pertaining t o  the product kl(n] has been dram w i t h  the  
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same slo?e. 

is a fac tor  i n  t h i s  quantity. 

It i s  sugsestive, but not conclusive, tha t  polydispersity 

This  would be i n  accord with similar 

observations on polystyrene i n  toluene' (kl[ rl] VS. Mn p lo t ted) .  The 

magnitude of a 

a = 0.84 at  P ~ O C , ~  although t h e  magnitude of t h e  exponent a seems 

surpris ingly high. 

= 0.65 i s  about what one vould expect f o r  a good solvent, 1 

2. Polyisobutene: Data f o r  four samples i n  xylene and three 

samples i n  decalin at 25'C, both f a i r l y  good solvents, were obtained 

by Johnson et  al. 

t h e  concentrations from 0.6 t o  40 w t .  % and t h e  v i scos i t i e s  from 0.15 

8 5 The aolecular weights *!t range from 3.2 t o  40 X 10 , 

poise t o  268 kilopoise,  

fo r  M = 3.2 

both solvents. 

f o r  t h e  pa r t i cu la r  molecular weizht indicated. 

from the  r e l a t ion  

numerical value of t h e  coeff ic ient  a1 i s  charac te r i s t ic  of a good solvent. 

The reduced p lo t s  appear i n  Fig. 5 with y = 1 

lo5, and very zood superposition can be accomplished i n  
V 

The arrows mark the "c r i t i ca l "  entanglement concentration 
c 

The c 's were conputed 

Once more the  

e 
6 ce = 3.92 X 10 /TI and t h e  knoim y. 39 

We have treated additionally i n  Pig. 6 data  f o r  polyisobutene i n  
6 

i s o ~ c t a n e . ~  3ere the  molecular veights (:fV) extend from 900 t o  2.5 

and t h e  concentrations from 0.5 vol. % t o  t h e  m e l t .  The transformation 

10 

of t h e  dcta i n t o  our system of coordinates is nade d i f f i c u l t  without 

t h e  use of the  experimental numerical values, rather than graphs, and 

by the  absence of information about t h e  [ n]'s. Thus, a double s h i f t  on 

t h e  logarithmic scale is required. 

scatter i n  Fig. 6, based on y = 1 for 6.4 X 1 0  . 
All t h i s  results i n  a considerable 

It i s  presented here 5 

t o  i l l u s t r a t e  once more the  departures for t h e  lowest molecular weights, 

tha t  is, :1 = 900 and 2 X 1 0  . Smaller deviations may also be noted f o r  4 
V 
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5 % Mv = 1.1 x 10 

from t h e  viscosi ty  - molecular veight re la t ions  fo r  d i f fe ren t  concentra- 

t ions.  

a t  more elevated concentrations. The c *s were computed e 

9 

3. Polyvinyl alcohol: Aqueous solutions of 27 samples with 
4 4 2.4 10 I Mw I 32 x 10 were a,nalyzedl0 at  3OoC with t h e  concentra- 

t i ons  varying from 4 t o  20 g/dl  and t h e  v i scos i t i e s  *on 2 centipoise 

t o  210 poise. Fig. 7 exhibi ts  a very good superposition with Y = 1 for  

I4 = 6.12 x 10 . The range of entanglement "points" is  indicated. The 

value for a 

4 
w 

i s  one of t h e  highest yet  observed for  vinyl  polymers. 1 
4. Cellulose derivatives:  We exaaine e thyl  cellulose'' i n  a 

toluene-ethanol m i x t u r e  (4:l) at 25OC and ce l lu lose  acetate'' i n  acetone 

at 20°C. 

l i e  betveen 0.5 and 2.2 i n  t h e  former and 0.47 and 2.58 i n  t he  l a t t e r ,  

The usual p l o t s  ere shown i n  Fig. 8. The i n t r i n s i c  v i scos i t i e s  

with t h e  solution v i scos i t i e s  increasing t o  49 and 51 centipoise. !?e 

estimate f r o m  the results given" t h a t  V 'extends from 1.7 t o  9.0 x 10 5 
H 

f o r  both polymers, based on Staudinger's rule. Correspxdingly,  the  

coef f ic ien ts  a 1 

b e t t e r  solvent . 
are cor;?pmatively high, 5u t  once more higher i n  the  

5. Polyisoprene: Recently FettersL3 published v iscos i tv  data on 

22 polymer fract ions (!dTTPTn = 1.03 - 1.11) over a wide range of mole- 

cu lar  weights (2.5 x 10 

only three concentrations at nost vere examined. 

establish the  n - c function, but exhibit  instead i n  Fig. 9 p lo t s  of 

log (const. n) VS. log 74 

s ing le  function from these results. 

4 6 s $5 S 1.3 x 10 ) i n  decane a t  25'C. However, 
V 

Thus ve can not 
% %  

Clearly it should be possible t o  derive a 

Fro:l the  v e r t i c a l  and horizontal  
V' 

s h i f t s  of "c r i t i ca l "  entanzlement points w e  estimate a = 0.86 and 
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a = 1.08 surprisingly large values. However, in toluene at 25'C 1 
a = 0.82 has been cited. 13 

I V .  DISCUSSIOIT 

The polymer-solvent systems analyzed and their smoothed master 

curves are summaxized in Table I and Fig. 10. From the results dis- 

cussed we conclude that eq. (1) , as a molecular weight independent rela- 
tion, is obeyed over the of concentrations available, rather 

than the restricted range studied earlier.lS2 One exception is to be 

noted, i.e., good solvents and low molecular weights, as seen in poly- 

4 7 isobutene - isooctane9 (F4 5 2 x 10 ); poly(viny1 chloride) - cyclohexanone 
4 4 

(!d 5 2.6 x 10 ) ; polystyrene - toluene' (14 S 1.5 x 10 ) ; also poly(ethy1ene 

glycols) of loti molecular weiffht in five different solvents.14 We recall 

that this is about the ranrl;e in which the exponential Is] - M relation 
breaks down. 15' l6 However, this latter observation applies to poor 

solvents as well. 

In eq. (1) the concentration factor y is characteristic of the 

polymer-solvent systex " 

to eq. (3 ) .  

and depends on molecular weight according 

In the polystyrene solutions investieated it vas not 

necessary to allow for a'variation of y over our temperature range in 

either good or poor solvents. 

explicit analytical expressions from Fig. 3b. 

It is, of course, wssible to derive 

They would not be of 
10 

simple form over the whole range of reduced concentrations and therefore 

tre have not developed them. There exist currently empirical and semi- 

empirical expressions for the viscosities of polymer melts and concen- 

trated solutions as a function of concentration and molecular weight, 



or  M. 

some of these based on the  concept of a "cr i t ica l"  entanglement molecular 

weight !Ie and on a formal analogy between d i lu t e  and concentrated solut ion 

viscosi t ies .  I n  what follovs these are conpared wi th  t h e  consequences 

of eq. (1). 
8 Consider first t h e  approximate representation: 

2 € E 

tl = const. c x :.I 

where t h e  ci are taken t o  be numerical factors .  

several  examples f o r  eq. ( 4 )  i n  the  intermediate ranBe of concentra- 

t i ons ,  c 1; 40%, and a l so  systems where one or both coeff ic ients  vary v i t h  C ana/ 

Table I1 l i s t s  

I n  general, t he  changes i n  

less s ignif icant .  

universal  value, (see a l s o  below). 

a r e  smaller than those i n  e but nonethe- 1' 
Even i n  t h e  melt, c2 does not seem t o  assume a 

The discussion proceeds most 

conveniently through t h e  derivatives of eq. (11, viz.: 

The corresponding unreduced derivatives are then E,. and E*. From 

eqs. (1). (3)  and ( 4 )  there follows: 

v 1 = zcl / ($- l )  - 1; v2 = ( v ~ + ~ ) ( E ~ / E ~ )  - (alvl+a) 

trhere tl = + 1. 
But i f  our superposition pr inciple ,  eq. (1) is  t o  hold, then v2 

r SP 

Provided nr >> 1, then eq. (5a) i s  ei ther  consistent w i t h  constant c1 

and 6 

El and C 

as long as a 

o r  predicts  a de f in i t e  correlation betiqeen the  var ia t ions of 2 
vhich is  independent of concentration or molecular weight, 

2' 

and a may be regarded as constants. It will have been 1 
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noted t h a t  t h e  differences a - a are small. A more detai led analysis 

of low concentration data s h o ? ~ s ~ ~  that lal - a1 S 0.2. Accepting 

therefore values f o r  e2 of t h e  order of 3 - 4 o r  la rger  above the  

"cr i t ica l"  chai 

Since 

lower i n  poor than i n  good solvents, 

1 

ength Ze, (5a) sirnplifies f'urther t o  a E e E 4 1 1 2' 

both a and al r e f l ec t  themodynamic e f fec ts ,  being 

we must conclude t h a t  at  l e a s t  

i n  the  intermediate range of concentrations, c s 5O%, thermodynamic e f fec ts  

continue t o  determine the  concentration dependence of t h e  viscosi ty ,  

as they do at  lower concentrations. 

and thus both above and below M . 
solvent i s  expected, but eqs. (5) and (5a) present a de f in i t e  correlat ion 

This is  t r u e  even i f  E~ i s  constant 

An increase of c: from Tood t o  poor e 1 

betveen t h e  low and t he  intermediate concentration range. 

i n  accord w i t h  t h e  s t r a igh t  f i n e  'L 
If E is constant, then Q = c 1 

portions i n  Fig .  10. 

(en. (5a)) E~ a re  shown. 

In t h i s  interval t h e  curvature of t h e  

I n  Table I11 t h e  experimental and conputed 
'L 

I n  t he  c-range considered, 50 5 rl 1000. 

- 2 function is small and the  

u 

asreement i s  very grat i fying indeed, i n  view of the  f ac t  t h a t  the  E 

are determined from one s e t  of curves, a 

procedure and a at  i n f i n i t e  di lut ion,  

- values quoted i n  Table 111 rerJresent difference quotients. The 

i 

1 

froD our superposition 1 
These r e su l t s  support once more 

the va l id i ty  of t he  corresponding s t a t e s  pr inciple ,  v2 3 0. 
?I.  CIC ?t ..%I7 

I n  recent years, Allen, Berry and  POX'^'^^^'"'^' have reconsidered 

t h e  concentrztion and molecular weight dependence of the  viscosity.  

Taking the  polymer m e l t  as t h e i r  s t a r t i n g  point, they develop an 

expression for  8 "corrected" ncorr, which contains a f i r s t  and 3.4 

power dependence on 7.7 below and above the  "entanglement" chai length 1 
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2 of t h e  n e l t  respectively. 

resor t  t o  t h e  logarithmic derivatives si*, defined i n  terns of ncorr. 

However, t he  equations of Fox and Allen contain the  glass t r ans i t i on  

To compare these r e su l t s  w i t h  ours, ve e 

temperature T and f'urther parmeters.  A general analysis would re= 

quire an adequate knowledge of these as a f'unction of c and 3. 
E: 

The 

14 -. dependence i s  nore readi ly  evaluated and accepting a familiar 

dependence of T on the number of chain ends, we obtain: 

K and To arc functions of the  volume f rac t ion  Q of  p o l p e r ,  and k and 

k a r e  charac te r i s t ic  of the  specific polymer and polymer-solvent 

system respectivcly. 

with decreasing Zn, i f  T 

the  weak dependeoce3' of T on Zn, The numerical e f fec t  may be minor 

but it is  worth noting t h a t  fo r  polyvinyl alcohol-water mixtures, 

2 

1 
36 Equation (6) prsd ic t s  an increase of E 2 

i s  sssu?ed t o  be constant and considerinq 
0 

g 

- 
Oy::nagi nnd !.lztsmotolo observe c: = 4.3 for  Z > 2.52,, wherecis 

c2 = 3.4 f o r  Z 

observed fo r  polyisobutene i n  i s o o c t ~ n e , ~  md i n  soEe other systems 

< Z < 2.52 e e' 
A qucl i tc t ively similar behavior is 

35 c* A E2#, JiiS E 39 r,.-.a--A.l-- 4.- LL- - ----c L - u  - : - -A- 
nbbu& u ~ ~ r e  Y W  VI&= ~ U L  A ck u z u u  USA u & A  v s = ~ ,  83-  . . A l l  

U" i.L**. 2 

should decrense t o  3.4 for inCreesin* 277, . 
behavior. 

FxDeriqent? i nd ica t e  onnosite e 

IJe can be nore spec i f ic  by considcrinp poly(viny1 acetctte) mixtures 

i n  c e t y l  zlcohol rad dizthlrl pht'jnlrl?-, f8 The cquztion proposed for 

both sclvents with 3 s ta ted  nccurocy of *lo$ i n  n, for 0.09 S 0 1 

md over 3 wide range 3f tmpers tures ,  leP,ds t o  the  following r e su l t s :  
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E = cl(Z>Ze) + 0.6(1- 0.6$)-'@n(Z$/690) + c2 - 1 ( 7 )  

E = (1- 0.641-l; 
2 

Bow eq. ( 5 3 )  remains val id  for  non-constznt E 2nd t h e  predicted concen- i 

t r a t i m  dependence of E q.ccording t o  e%. ( 7 )  i s  pronounced. Fcr 

exmple, at T = 0 = 123'C fo r  ce ty l  zlcohcl, E (Z>Z ) increases from 

4.01 t c  7.0. 2 s  cb varies  frr?;: 0.1 t c  0.5, t he  rrnge of i n t e re s t  here. 

Since rl >> I, t h i s  is inccnsistent wi th  ea_. (5a) f7r cmstcoxt E 

which would dexsnd 2 chwge i n  9 1 
For Z = Z /2, E2 varies frm 1.06 t o  1.43 o.nd E 

over t h e  s m e  range. These r e su l t s  denmd z chmge (-f t h e  ngpment 3 

fron 0.26 t o  0.34. 

zagnified i n  t h e  deriv?.tivss ond T, t ec i s ive  corpm5sc-n necessitates 

1 -  

l e  

2' r 
f r x  0.96 t o  0.48, with ? = 0.50. 

frm 2.52 t o  4.60 e 1 

1 

O f  cmrse ,  a sca t te r  cf *lo% w i l l  be excessively 

a superposition tes t  cf t h e  zctuzl  experirrentnl data. The differences 

between E * 2nd ci become insicnif iccnt  f c r  suf f ic ien t ly  lnrge mlecu la r  i 
weights, In  eq. (7)  t h e  chr-3.n lcnytli h e s  n?t zppezr fo r  Z > Z ?.nd 

e 
35 mr conclusions are nct sffcctzd by t h e  F3x-Allen corrections. 

Frsn c1, eq. (7), one c8n obtain V = E - 1 i n  t h e  0 - solvent. 1 1  

Up t o  4 = 0.4, V 

Z < Ze, increasing rzpidly thereafter.  

holds over a mcre r e s t r i c t ed  range 2f 9. 

i s  nearly l i nea r  i n  4 and independent ,?f Z fcr 1 

For Z > Z t h i s  l i nec r i ty  e 

This  i s  cms i s t en t  with t h e  

vn l id i ty  of t h e  11artin r e l a t i -n  ( the s t m i g h t  l i n e s  i n  the  refiucec? 

p lo t s  of Figs. 1 nnC! 21, observer? fqr Zther 0 - sys tms  m d  l x e r  

ccncentrntions. 
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From the  superposition pr inciple  we obtain as a corol lary a rela- 

t i o n  f o r  the molecular veight dex>endence of the  "entanglement concen- 

t ra t ion"  $e o r  c and t he  corresponding viscosi ty  n . e e 

is defined by t h e  general conditions 

Th i s  concentration 

(1) n = r l  ; C ' C  e 

where n and n ( l )  represent two different  functions, 

re la t ions ,  the def in i t ions  of t h e  ci, now taken above and below Ye, 

and eq. (5a) ,  ve observe t h a t  

From these 

where ce = 1. for !l = 'I 

m e l t .  I n  other words, c = const. for a given pol-mer independently 

of t he  solvent, provided the  same reference molecular veip,ht ' 7  

used i n  the  y - *I r e l a t ion ,  viz. y = (:?/TTr)-al. It follovs from 

eq. (8) that  ce(lP) i s  smaller i n  t h e  better solvent. 

t h a t  the  more compact averaye conformation i n  the  poorer solvent 

makes t h e  bind of entanglements pictured i n  current in te rpre ta t ions  

the "c r i t i ca l "  molecular .reight f o r  the  e' 
% 

e 
i s  r 

One may sgeculate 

inverse 
of c w i t h  t he  inverse f irst  potrer 13'20s29934 as vel1 as theAsquare e 

root  19y20 has been advocated, which ma? be r e ~ a r d e d  as special  cases 

of our resu l t .  

d i f f i c u l t  t o  discriminate experhenta l ly  between one o r  t h e  other  

power. 

Of course, for volume f rac t ions  close t o  uni ty ,  it i s  

fb 
I n  our opinion t h e  spread of the  ce - values of Figs .  5 and 6 
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results fron the  adoption of the  first instead of a f rac t iona l  power 

i n  eq. (8). 

next we r e f e r  t o  the r e su l t s  of Eusse and Longworth. 23 

authors average t h e  molecular weiqht over t he  so lu te  and solvent 

These 

(or low m l e c u l a r  weight additive) and write 

f rac t ions  w i' 

- 3.4 n = const. '? 
V 

i n  terms of w e i & t  

- a* - a' + n: a* 
2 2  with !.fv - w hl 11 

Wow f o r  suf f ic ien t ly  la rge  w2 and s m a l l  !!, 

The authors observe t h a t  a* = a * 0.2 fo r  a series of hydro- 

carbon and polyethylene mixtures. 

E ~ ,  eq. (5a) s i n p l i f i e s  here t o  a* = a 

constant value of E ~ .  

Since t h e  der ivat ive represents 

Th i s  r e su l t  holds f o r  any 1' 

The reduced p lo t s  encoqass  both nixtures  and pure polymers. 
% %  

\hen solutions and a m e l t  o c c u y  t h e  sme region of t h e  r l  - c plane, 

it implies t h a t  the molecules are i n  the  sme hydrodynamic and thermo- 

cynamic enviroment. I n  co3parinz, f o r  example, a aelt v i t h  a solut ion 

of a higher nolecular weight, t h e  solvent leads t o  a rehced ef fec t ive  

average molecular veight. 

expressed earlier, but it is made more precise  by means of our reduced 

functions and related t o  the behavior i n  d i lu t e  solution. S i ip l e  

re la t ions  for t h e  molecular weight dependence are readi ly  obtained. 

Consider a par t icu lar  2ol:ncer se r ies  i n  a Siven solvent. 

This Seneral idea, of course, has been 

4 par t i -  
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’L % %  c d a r  value of rl = const. may represent a solution: q = ~ ( c , F , I )  

and a m e l t :  

iden t ica l  exponential relationship,  and since n = t he  logarithclic 

derivatives i n  respect t o  molecular weight are equal or E, = E: 

% ’I, 
q, = n,(E.lm). Provided the  i n t r i n s i c  v i scos i t i e s  obey the  

% %  

“m 
and - 2ils 

Final ly  it i s  in te res t ing  t o  speculate on t h e  or ig in  of  t h e  

differences between 0 and good solvents where our superposition scheme 

breaks down at su f f i c i en t ly  l o w  molecular weights, see p. 7 .  

w i t h  t he  deviation f o r  t he  in t r in s i c  viscosi ty ,  we would expect devia- 

By analogy 

t i o n s  a t T  = 0 as v e l l ,  but a t  still lower chai engths, Ve t en t a t ive ly  

propose the  following interpretat ion.  

solutions,  one of us has suggested an 

expansion fac tor  a with c ,  viz.: ’L 40 

% 
a(c ,z)  = u p /  

For moderately concentrated 

equation f o r  t h e  change of t h e  

1 + &(z 1 

where z i s  the  usual thermodynamic paraneter, Y(z) i s  8 weak function 

of z ,  with F(O) = 0, Pad a 

assumes tha t  rrlso at  f i n i t e  concentrations the  viscosi ty  cEtn be relcted 

t o  an ef fec t ive  hydrodynanic volume, then it i s  per t inent  t o  consider 

t he  derivative 

re fers  t o  i n f i n i t e  di lut ion.  If one 
0 

2 %  % 
where 

concentrztions x is  s m s l l  and the der ivzt ive w i l l  vary essentiCLly as 

Mg1’2. A s  c 2nd x increase,  t h e  der ivzt ive decreases fo r  all molecular 

weights, although t h e  actual  re lc t ions used rrere developed fo r  2 5 1 

only. Thus n t  low concentr2tions the deviztions f o r  small ?‘ should 

x = [z-  3 / ( 3 a  +l)}cF/( l+ cF) and A = 2.053z/!?/*. A t  low 

’L 
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be pore pronounced th.m at elcv?.ttd concentrztions. 

procedure, based on horizontsl  s h i f t s  i n  t he  log  TI - l og  c plane, gives 

more m i g h t  t o  the low concentrc?tions nnd t h i s  i s  ref lected i n  deviations 

However, our f i t t i n g  
% 

i n  t he  upper rmgc. 

These considerations would furthermore suggest t h z t  i n  order t o  

achieve superposition fo r  cll molecular weights, experimentcl dzta be 

conpared a t  corresponding temperatures, defined i n  terms of z. 

t he  r a t i o  z/zCr = T 

fz r l ie r ,  Here the  subsci-ipt refers  t o  the  therinodynmic c r i t i c s 1  

Equivalently, 

(T - 6) / [T(Tcr  - O)] may be chosen, 3s wzs sugzested c r  
2 

condition fo r  mixing. 

In Fig. 1 ve have notad t h c  steady increc-se i n  thc  slopes of' 

the  semilognrithmic reduce6 viscosity-concentration functions, 3s 

t he  solvent changes fror- good t o  8 and T < 0,  and. t h e  aF?ro?ch t o  t h e  

curve representing hard sphere suspensions, It would be of in te res t  

='=CY 
t o  investigctz solutions ne7.r t h e i r  respective c r i t i c s 1  temperzturcs, 

= 1. A universcl curve, independent of n o k c u l z r  weight should 

result 2nd be cor,pcr?d with t h e  ncrd s?hcre r e su l t .  

Such investigations should indicate the  coapmztive ro l e  of 

and t h e  chzrsc te r i s t ic  concentrr-tion factor  Y. Vhzt we kncw so %x!.x 

-1 a -1 far i s  tha t  near T = 0 ,  Y 

[ n] ( T  = ~ ~ ~ 1 ,  the  in t r in s i c  v i scwi ty ,  

encoqasszd tail voluce ?k t h e  c r i t i c21  t e e r ? . t u r e .  

can be ident i f ied  w i t h  c c r  

:jr appreximrtt ely t h e  

2 This  r e su l t  

w i l l  not necessarily hcld f o r  ?.ll tezperztures belov 8. -4s we hzve 

shJwn sn the  a t h e r  hand i n  eq. (a),  y can cl ternzt ively be relq,ted t c  

Q chzrcc tc r i s t ic  qu-ntity i n  cnncentrzted s d u t i m ,  thzt  is ,  the  

entanglenczt" concentration c ?;t which the  aslcculcr  weight depen- I 1  

e' 
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dence c.f t h e  viscosi ty  changes rapidly, and the  chzrzc te r i s t ic  m l e c u l a r  

weight M of t h e  aelt .  The r e su l t  i s  e 

(8a) 
y = (Mr/!5e) fll c 

e 

This equction can, of ccurse, hold only f o r  su f f i c i en t ly  l u g s  nolecular 

weights. It should be noted thnt  t h e  entmglcrzent m l e c u l a r  veights 

reported are l a rger  than t h e  lower liaits cjf appl icabi l i ty  of c)ur 

superposition schene i n  sclution. These l ixits  appear t o  be close t o  

t h e  Me - values f o r  3elts reported i n  t h e  literzture. 

REFERENCES 

1. Utracki, L., and 3. Simha, J. Pclyner Sci., A& 1089 (1963). 

2, 

3. Utracki, L., Polinery (!Jersza.wn) , 2, 50 (1964). 

4. Utracki, L., Polinery (Vmszawz), 2, 144 (1964). 

5. 

6. 

Utrncki, L., and ??. Si.?.:, J. Phys. Chen., 67, 1052 (1963). 

Simhe, R. ,  nnd T. Soncynsliy, J. Colloid Sci., 20, 278 (1965). 

Chou, Lung-Yu, Master's Thesis zt t h e  University Df Vissouri, 1966. 
Ve are  indebted t c  D r .  J. L. Znkin, who made t h i s  copy wa i l ab le .  

Pezzin, G.,  and ?!. Gligc, J. Appl. P z l p e r  Sci., 10, 1 (1966). 

Jchnson, M. E. ,  W. W. Evans, J. Jzrdan and J. D. Ferry, J. Collaid 
Sci. ,  1498 (1952). 

7. 

8. 

9. T?Ger, A. A., V. E. Dreval 2nd 4. G, Trzy,m?va, Dckl, Akzd. Nauk. 

&megi, Y., md 14. Matsunoto, J. C-llcid Sci.,  17, 425 (1962). 

Kauppi, T. A., and S. L. Q ~ s ,  Ind. Eng. Chen., 2& 800 (1937). 

Ecwlett, F., E. Minshnll znd 4.. 3. Urquhzrt, Shirley I n s t .  nlen., 
- 18, 251 (1943) . 

S.S.S.ZI., 151, 140 (1963). 

10. 

11. 

12. 

13. Fet te rs ,  L. J., J. Qes. P.B.S., a, 33 (1965). 
D r .  Fet ters  fo r  ry,kin,n p.v?xil?,ble t o  us the  zctual  nmer i ca l  date,  

T,le ?re indebted t o  



-17- 

-... 14. hbzcanin, J., private  c3rnunica,,,Llr 

15. 

16. 

17. 

18, 

19. 

Utracki, L., znd R. Simhs, J. Phys. Chen., 67, 1056 (1963). 

Rossi, C., E. Bianchi and E. Pedcncnte, 41ekron-1. Chm., 2, 95 (1965). 

Bueche, F, J., J. Appl. Phys., 24, 423 (1953). 

Fox, T. G., md P. J. Flory, J. Polyner Sei.,  14, 315 (1954). 

Oncgi, S., T, Kcbayzshi, Y. Kojina m d  Y. Tmiguchi, J. Appl. 
P c l p e r  sc i . ,  1, 847 (1963) , 

Pcrter, R. S., J. F. Johnson, J. Appl. Polyner Sci., 3, 149 (1960). 

Schreiber, H. P., and E. B. B@cy, J. Pcltper Sci.,  2, 29 (1960). 

Tung, L. H.,  Pclp.er Preprints A.C.S., 2, 1 4  (1960). 

Busse, I?. F., c?nd R. Lcjngvorth, 3 .  P o l p e r  Sci. ,  58, 49 (1960). 

Pcx, T. G., 2nd P. J. Florg, J. Az. C h a .  SOC., 70, 2384 (1948). 

Onogi, S. , J. IIxmnc cnd If. Hirai, J. Appl, Pinys., 2, 1503 (1958) 

Fuj i tn ,  H., 2nd E. Yaekawa, J. Phys. Chen., 66, 1053 (1962) . 
Plszek, 0. T., and J. 3. Ferry, J, Phys. Choz., 60, 289 (1956). 

F;x, T. G., md V. I?. Allen, P q x r  przsented zt  t h e  Chicqp  TdIeeting 
of Div. of Org. Cmting and Plas t i c  Chczistry of A.C.S., 1961, 
P c l p e r  Preprints,  3, 193 (1961). 

Bueche, F. J., J. Appl. Phys., 26, 738 (1955). 

20. 

21. 

22, 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. B , ~ r y ,  A. J., J. Appl. PhyS., x, 1020 (1946). 

31. 

32. 

Bagley, E. B., and D. C, West, J. -1~01, Phys,, 3, 1511 (19581, 

Chcrlesby, A., J. P.?lymer Sci., 3, 379 (1955). 

3.3 T l A u - - 1 - 2  T ..--..Ll 4 - L e d  
3.J. UULdb&.b Y e  W A p U U I I a I I L U .  

34, Pzx, T. G., J. PGlyner Sci., Pzr t  C ,  iT-,  9, 35 (1965). 

35. FFX, T. G., ~ ~ i i  17. 3 ,  R l l e n ,  J, Chen.  Phys., 41, 344 (1964). 

36. Berry, G. C., Pcper presented zt thc  D:lper Conference Series ,  
\!zyne St,zte University, Detrpit , 'lichigcn, Junn, 1966. 

Berry, G. C., J. Phys. Chen., 70, 1194 (1966). 37. 



-18- 

38. 

39. 

40. 

Buyer , 3. P. , RubSer Chem. 2nd Tecfi. , 36, 1303 (1963) . 
Porter,  R. S., 2nd J .  F. Jchnson, Chcz. Rev., 66, 1 (1966). 

Utrzcki, L., Bull. Sczd. Polon. Sci., S t r e  s c i .  chifl., ll, 453 
(1963 1 . 

41. " P o l p e r  Handbook", edi tc rs  J. Brandrup and E. H, Ixmrgut ,  
Interscience Tublishers, Inc., Mev Yxk, M e  Y., 1966, pz. IV-15 ,  
ref. 162. 



cv 
rl 

co 
a3 

0 

rl 
2 
. 

In m 
0 
. 

-19- 
m 
rl 

co 
0 
rl 
. 

v) 
cg . 

cu cu 

cu 
rl 

d 

0 cu 

Ja 

rl 
rl 

\D cu 
rl 

I 
(u 
In 

cu 
. 

2 aJ c 
a, 
k aJ 
D4 M 
0 cd m k 

.I4 x 
rl 
0 
PI 

E 
k 
aJ 

t! tr, cu 
l-4 x 



-20- 

TABLE I1 

Xumericsl values 02 exponents E: and k2, eq. (4). 1 

Ref. E t 
l z  > 2 e I I 

System 
Polper - solvent, O C  

No. Z < Ze 

1 
2 

3 
4 
5 
6 
7 
8 

9 
10 

11 
12 

13 
14 

15 

16 
17 

18 

19 

20 

21 

22 

23 
24 
25 

Polystyrene - diethylbenzene 2.4 6 - 25 1.0 3.4-4.5 17 
Polystyrene, 217 --- --- 1.3 3.7 18 
Polystyrene - toluene 2.3 5.0 -_- 3.4 19 

Polyethylene, 150 --- --- -_- 3.4-5.8 22 
Polyethylene, 190 -0- --- 1.7" 3.4 20,21 

Polyethylene - w z  -e- 3.4/~1,=4.5-12++# --- 3.45 23 
PolyisoSutane - xylene --e 5.0 --- 3.4 8 
Polyisobutenz - decalin 5.0 --_ 3.4 8 
Polyisobutene - isooctane 0.9-5.0 5.0-19.0 0.25-1.1 3.4 9, 
Polyisobutene, 217 e-- --- 1.4 3.6 24 

5.0 6.0 1.0 3.4-4.3 25 

Polyvinyl alcohol - H20 4.4 6.0 -_- 3.4 19 
P o l y v i ~ l  dcohol - H20 2.0 4.3 0.7 3.3 10 

H2° Polyvinyl alcohol - 

Poly(methy1 acrylzte ) - 3.1 5.0 -_- --- 26 

Cellulose trinitrate - 3.0 5 . 0-20 --- --- 27 
diethyl pht alat e 

isophorone, 35 
Polyisoprene - decane, 25 1.5 3.25 1.0 3.2 13 
Polyvinyl acetate - eq.(7) eq. (7) ec2.(7) 3.4 28 

Polyvinyl zcetzte - cetyl eq.(7) eq. (7 1 eq.(7) 3.4 28 
diethyl phtslate, 50-157 

alcohol, 123-157 
[A(T)  = 6.106 x do T-4~ 

Polyvinyl chloride - 0.18 4.74 0.23-1.07 1.88- 7t 
cyclohcxmone, 30 4.05 

20 
CelluJ.osc acetate - acetone, 0.16 --- 3.6 0.55 -- 4.1 12, 

Poly(nethy1 nethzcrylcte ) - 3.0 42 1.4 3.4 23 
diethyl phtolzt 2, 120 

diethyl phtelc?te, 60 
Polyhethyl methccrylztc) - 3 . 0 80 1.4 3 . 4  29 

Polydimethyl siloxane, 25 --- -_- 1.3 3.5 30 
Polydimethyl siloxane, 25 --- -_- 1.4 >4.1 31 
Polysilicones, 25 --- --- 1.39 3.7 32 

t tzi calculated by us; * n-slkmes(ref. 2 9 ) ;  ** a frm [r11 I?. 
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TABLF I11 

Application of Eqs.  ( 5 )  and (5a) t o  some System of Table I. 

2' No. of system v E expo € a a 2' 1 1 

in Table I 50<%1000 from y ' s  50<?<1000 eq. (5a) 

5 4.2 0.68 0.64 3.4 3.5 

6 4.1 0.68 0.65 3.4 3.4 

7 4.3 0.65 0.58(?) 3.4 3.4 

8 4.1 0.65 0.86(0.77)* 3.4 3.6( 3.4 )* 

9 3.8 0.69 0.64 3.4 3.3 

* Larger value from ref. 7, smaller from re f .  41. 



Fig, 1. Curve A, reduced viscosi ty  quantity ri 

of reduced volune f ract ion $/$ma f o r  spherical  suspensions . 
B - E, reduced v iscos i ty  quantity rI 

/(2.54) as a function 
SP 

Curves 

/ (c(n])  as a function of reduced 

concentration c/c fo r  7 polvstvrene ?& i cyclohexane. Curves F ,and G t he  c r  A 
same as a flmction of reduced concentration c/Y, with y = 1 for 'dn = 

1.46 X lo5, 

arbitrary . 
Position of F and C, r e l a t i v e  t o  other  curves i s  therefore 

P i g ,  2. 

t r a t i o n  c/Y f o r  golyisobutene solutions. 

two solvents. 

Reduced viscosi ty  quantity as a function of reduced concen- 

Ordinztes displaced for 

Fig. 3. Molecular weizht dependence of charac te r i s t ic  concentration 

y and product k [q] f o r  polyisobutene solutions. 

f ac to r  i n  eq. (2) is set e q u d  t o  unity. 

The proportionali ty 
1 

Fig, 4. 

concentration for the polyvinyl chloride - cyclohexanone svstem. 

charac te r i s t ic  concentration fac tor  and k (q] as functions of 'yv. 

Seduced viscosi ty  quantity, ea_. (l), as a function of reduced 

Inse r t ,  

1 

Fig. 5. !?educed viscosi ty  quantity, eq. (11, as a function of reduced 

concentration f o r  polyisobutene i n  xylene (I), and decalin (11) 

Arrovs indicate  locations of "entanyleDent" concentrations for  par t i -  

cular molecular weights, calculated from ref. 39. Inse r t ,  chsracter- 

i s t i c  concentration factor  y as a function of 3Kv. 

Fig. 6. 

concentration f o r  polgisobutene i n  isooctane . Rorizontal bar 

indicates  range of reduced "entanglement" concentrations c coyputed 

Reduced Viscosity quantity, eq. (11, as 3 function of reduced 

?, 

e' 
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from ref. 9 and known Y.  

viscosi ty  as a function of 5TV. 

procedure, 

In se r t ,  concentration fac tor  y and i n t r i n s i c  

90th are  derived by superposition 

Fig. 7. 

reduced concentration for polyvinyl alcohol i n  water. ?To dist inc-  

t i o n  between d i f fe ren t  molecular weights i s  shown. 

indicates  ranqe of reduced "entanglament" concentrations c 

from ref. 10 and known y. 

as a function of 1.4 

Reduced viscosi ty  quantity, eq. (11, as a function of 

Horizontal bar 

e' 
% computed 

Inser t ,  charac te r i s t ic  concentration fac tor  

'-V* 

Fig, 8. Reduced viscosi ty  quantity, eq. ( l ) ,  as a function of 

reduced concentration, for ccll-dose derivatives.  

concentration fac tor  a s  a function of [n]. 
Inser t ,  charac te r i s t ic  

Fig. 9. 

system. 

impose t h e  three  concentrations fo r  b! < ' 4  . 

Viscosity VS. molecular vcight f o r  t h e  polyisoprenc - decane 

The constant i s  chosen fo r  each concentr3tion so as t o  super- 

V 3 

Fig. 10, Sumnsry p lo t  of reduced v iscos i ty  - concentr.%tion functions 

f o r  polymers shown i n  Pigs. 1 - 8 and for spheric31 suspensions. 

Relative horizontal  displacments of curves 2 - 3.3 i s  a rb i t ra ry .  
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YOLECULAR EIGIE DEPEYDEBCE OF T!XE IIUGGINS 

Lechoslatr Utracki 

Department of Chemistry, University of Southern California 

Los Ingeles, California 900C7 

The theory of the  Huggins constant k has been developed on the  basis 1 
of a theore t ica l  viscosi ty  - concentration re la t ion  for sp5erical  suspensions 

and concentration dependerxe of the l i nea r  excansion factor  a (c )  of  t he  polymer 

coi l .  

fo r  46 polymer-solvent systems. 

permeability of polyper c o i l  influences on kl are  discussed. 

sir?ple re la t ion  between k 

rd c/y ) ? lo ts ) ,  developed equations predict  equivalent dependences fo r  y 

Derived equations have been cornpewred v i t h  the  experimental kl values 

The molecular weight, solvent power, and 

Through the  a 
and the concentration reducing parm-eter y, (from 1 

% 

as well. 

IFTRODUCTIOF 

In previous pG- v e r s  we demnstrated the  existence of a genercl, 

rnoleculer weight independent f'unction: 

% 
where n 

t r a t i o n  and reduced concentraticn respectively. 

and fq] a re  specif ic  and i n t r i n s i c  v i scas i t i e s  and c = c/y concen- 
SP 

The reducing oarmeter  

* This research was supported by the J e t  Propulsion Lzboratory, 
Ccilifcrnia I n s t i t u t e  of Technology, under Study Project 951408. a 
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y fo r  m y  syste? at  c o n s t a t  t e q c r a t u r e  degends cnly on mlecu lo r  Freight 

(X) through ;z Mnrk-Houwink type equction: 

2 Eq, (1) w a s  found t o  be vcl id  for 0 s c s 50 .;/dl. Th d devict ions 

occur f a r  low PI smples  i n  c good solvent at higher concentrctim. 

eq. (1) cm be eqE',nr!ied i n t o  3 power series: 

For c -+ 0 

which by coqor ison  with t h e  Huegins eq.: 

not 

y ie lds  very sixple k,-Y dependence: 

3 Previously eq. ( 4 )  was found t 2  be valic! f o r  polystyrene (PS) - toluene and 

PS - cyclohex?.ne system. 

Eq. ( 4 )  c m  be also used t o  czlculr,te Y. This  hcwcver demnds c riore 

thorcugh ex tx inz t im  of t h e  p n c r z l i t y  of the  B1-Y deTendence. Furthernore, 

if ~ c ~ [ n ]  i s  tdcen zs ~'.n experigenta  parmeter  "1 = li: [ a ( q  / c [ d ) / a ( c / v ) ]  

s t i l l  i s  not known. 

1 C - a  sy 

However i f  eq. (1)  i s  genernl, insependent of M, 

ril 8 nl(EI). 

viscos i ty  of m y  sxyple of polyrier in P. wide range of cmcentrzt icn i f  t h e  

On t h i s  bcsis eqs. (1) cnd (4 )  perr,it t h e  prediction cf the  

0 = n(c) of a s ingle  frscticm mc? k -? relztiws me known. 1 -  

THEORY 

To cdcul r , te  theore t icz l ly  t h e  kl = k ( h f )  dependence we w i l l  prclceed zs 1 - -  
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4 developed by Sinhr. 

pmison with ex2erinent 

2nd (5)  rmst be equivalent anc? t h e  vcluqe f r n c t i m  of t h e  suspension, 0 ,  can 

be expressed c?s fallows: 

f o r  hard s;>here suspensions md recent ly  checked by con- 

should be vzlid f o r  yolyxer solutions,  then eqs. ( 3 )  

where a m d  a 

c 2.d zt i n f i n i t e  d i lu t ion  respectively. 

are t h e  l i nez r  ex2msim fac tors  of pglyr?er c o i l  ct c m c e n t r a t i m  c 

The exg'znent a*, f ron t h e  r e l a t ion  

2 
0 (where <s > i s  %he = e m  square rcdius Qf mratim), i s  zssu-ed t o  be constant i n  

the invest igate4 rznge of c m c e n t r a t i m  a i r ,  fqr 3 given y lyner  solvent systen. 

The thec re t i ca l  

the  pclyner co i l .  

syster!, Snd t h i s  vzlue w i l l  be user? further ir, nun-erica1 c s l cuh t i ?ns .  

6 a* vzries  frovr! 2.43 t o  2.0, tieyendins ?n t3e pernezbi l i ty  (:If 

Previwsly9 we fcund a* = 2.26 fer t3e PS - cyclohexane 

Fro3 eq. ( 3 )  we can define: 

arAC using eqs. (5) and ( 6 )  w e  finc?: 

The first t e m  i n  ea_. (7) cmtz ins  n. packing fac tor  f zt i n f i n i t e  Ciilu- 
0 
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3 4 t ion.  The factor  f miginLzlly w?.s Aerivecl f r m  t h e  cssurlption ?f t h e  

existence cf cn equivalent cFGe; the r e l z t i m  f /$ = 9 /R 

which is vEli.2 f o r  a31 concentrctions (Rh nnc? F 

3 ?f cn equivalent sphere md t he  rzCius ?f ?, 2 m t i c l e ) .  

can be taken cs a, r a t i 3  at  t h e  hyLro?.ynmic intercct ion vclune (V ) t o  the  

volwLe of the pcvrticle (V ) at i n f i n i t e  d i l u t i m .  

sic% t h e  t h e c r e t i c l l  vzlue 3f f depends on t h e  p c k i n g  s t ructure .  

hexegcnal arrnngezent f = 1.81 (experirt.sntc.1 value5 f($) 5 1.85 fo r  

$I 2 10 wt.%) mC: fo = 1.31 - 1.25. 

t i o n c l  t c  the  sphere with t h e  rcilius equcl t o  t h e  half  of the longer axis of 

t he  pclymr c o i l ,  visuzlized 3s a prolc?te ell ipmi?. .  

w i l l  be just i f iec? i n  the  discussicn. 

3 3 3  
h - p  

w3.s established, 

a r e  resgectively t h e  radius 
I, 

I n  other wor+.s, f 
3 

h 
For t h e  hsrC sphere suspen- 3 

v@r Q 

Let us assune Vh = [~1/2.5 mc? V Tropsr- 
P 

The seccne a s s r p t i o n  

6 P-ccording t o  Kuratz e t  al. the v o l u x  

2 3 / 2  3/2 
v = ( T T ? ~ / ~ ) ( c s  > 
I, 0 / ~ ) ( l  + 32:)  (9) 

Eq. (9) cmbinec? with eq, (7) leads t o  t h e  re l s t inn :  

which fo r  a 

proporticncl t o  V 

y = l/n V 

= 1 gives fo = 1.19. On the  other hcn2, assu-.inr?; t h r k  l / y  is  
0 

c.nC! i t s  velue is cietelcl..:inec? by qeozetry Df packing, i.e. 
P 

m e  czn fine- 
3 p' 

where nr, i s  a nuzxrical constant, c'.cpeni!cnt on t h e  gemetry of packing and 

permeability cf the  packsd Fpsticles.  For hc.r? sgheres i n  e. fcce-centere3 
v 

1/2 cubic l a t t i c e  3 = 2 . 
0 

Tc cclca&,e t h e  seccn?. tern, of ea_. (8) we h w e  t o  know the  concentration 
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nrtcroriolecular m i l  whose volu??e chmges with concentration under t h e  influ- I 

ence of conpressing energy, E, one can express a = a ( c )  as I 

where F1 E [a(-E/RT)/3lnaIT/3~. 

sixiplified t o  

Far snd l  concentrations, t he  r e l a t ion  can be - 

% uD/a = 1 + Fc 

F = F1(3a: + l ) / (gaf :  - 3u 2 + 2)  
1 3 

Eq. (11) previously’ ~.r’as checked f o r  t he  PS-cyclohexane systen at  

30°C CE?. 45OC. 

was found t o  q r e e  with ex:Gerinent;s t o  m c h  hi&m concentrations than expected 

Trrking F 9s 3 constant sw-ienpirical f a c t w ,  the equa t im 

). It i s  ?cubtful if t h i s  observct im i s  general. Hawever i n  the  c r i t  . ( c  c 

czse of t he  ?resent Ziscussicn of i n f i n i t e l y  c?ilute s o l u t i m s  it i s  rensonable 

t o  a s s u e  (aF/aln = 0, which lea& to:  

-[~(a/ao)/acIc,, = FJY (8a) 

where F = l h  F. Previous analysis’ of eq, (11) showec’. t h a t  t he  Fo fac tor  

i s  s l i g h t l y  dependent on slylvent p3wer. The nr igin m0 nature of F i n  t h i s  

t rea tuent  was obscure. 

c-to 0 

n 

It is  very t e r t i n g  t o  speculate on it, WOT. eqs. (11) an?- ( l l a )  it i s  

evident t h c t  F is a d i r ec t  function of E. L e t  us consider one nacronolecule 

i n  m i n f i n i t e  mmmt of solvent mi! t h e  s m e  xwxmmlecule as increcsiq9ly 

mre  znd nore polyr-er i s  addec? t o  the  systen. 

corresponZs t o  the  u expnnsion, t h e  subsequent, t c  a ,  The c m f i p r a t i m r z l  

C 

The i n i t i d  conf igura t im a 
0 
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changes cught t o  be gcverne3- by the  excess free energy of zixing: 

A F ~  = nl~~: + ~*AF$ I n  t h e  cnnsiderec? systen (lsw concentration of 

?slyner, at ccnst?at  pressure an5 t e q x r n t u r e ) ,  AF 

~e 
I 

E can be apTrcxixtei! by 

excess chesiczl  @entia1 of t h e  s3lvent 3r by excess nsnotic yessure 

where V is a nolar  v3lur;e of the solvent mi! n i s  excess o r  in te rna l  

o s io t i c  pressure, which can be conveniently ex?ressed as c?. v i r i r J  series: 
1 2 
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T2/RTc 2 

Tc c d c u l a t e  E frm A$ one has t o  

cule,  AF i s  e n e r g  cf a l l  pol-per E 
nat ice  t h a t  when E i s  e n e r g  per nacrmcle- 

c o i l s  i n  the sys teqergo:  

Ex2ressin.J polyxer ccncentration i n  t h e  usual ~/?J units :  

'L -2 c = 10 n2?'I/nlVl w e  ccn wri te  

-E/RT 2 l0'*A2Fc(l + cA /A + 3 2  

a Recently Berry showed t h a t  t he  expression: 

is  

cnc? X (0.9 5 a2 5 2.4), precticting t h a t  it w i l l  be va l i?  over the  s m e  range 

of variebles f o r  ony f lex ib le  chain solyr?er i n  d i lu t e  sclution. 

(lla), (12), r.nJ (13),  assuning cs ?ibove y = l/r! V we hme 

a gooc? regresentation of the  PS-solvent data i n  a wiCe rcngi! r;.f  bc=i.lJ/GA ut *'-IS u c 

0 

F r m  eqs, (91, 

0 p 



Substi tution of eqs. (a?), (100) w? (14)  i n to  eq, (8) gives: a 
const, = 0.2222. z*c/2. 5 2 (15) 

2 Phmerical analysis cf F(u  ) shows t h a t  for  t h e  an equals 1.0, 2.0, and 3.0 
0 Y 

t he  function is  resgectively 0,062, 0.024, an?. 0,013. 

of t h e  const. i n  eq. (15) clcpencis on t h e  exT!onent en, i.e. on the pem-ee- 

b i l i t y  of pclyxer coi ls .  

tenperature syster:? u0 = a (M) &es not c h n c e  d r s s t i c s l ly .  

one can f ind that 

The nuyericd. value 

It is w w t h  notinr: t h c t  for  t h e  saze pnlp-er-sclvent - 
Fpr 1 a. 5 3 

0 
8 

(where z i s  2. known them-o2ynasiic?.l pa rme te r ) ,  e r y  the  ro rc  d ra s t i c  

chznges of CC czn be expc te?  i n  be t te r  solvents. However even i n  t h e  PS - 
toluene systeri chzrqes of V fro? 6.22 X 10 to 4.4 10 caused u t n  chmqe 

frm 1.9 t o  2.6. 

i n  M a re  snall ir, cmparison tc  the sr lvent  Tower e f fec ts ;  

r.ostly cn the  seeon? e f fec t .  

0 
8 5 6 2 

0 

In  other w:rCs, t h e  chznye of F(a ) h e  t? t’le 3dfferences 

k shsuld clepend 1 

I n  f i g s .  1 cnd 2 tyJictl l  T l o t s  cf t he  pr??uct k [d vs. > ?  i r e  presented, 1 

In  zll 46 systerzs liste?. i n  Tr;blc I the  l inear  :?able  lwpr i t f . a i c  re la t ion  

Fr0L.i these p lo t s  t he  constants K ?mi exponents - were calculcted. (The 1 ‘1 

a d 3 i t i o n d  reason f o r  yl7t t ing k [n] instecd of k ims t o  avoi.? an rxcumlation 
1 1 
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of experimental e r ro r s )  . 
systems 24, 31, and 32 (nmbers r e fe r  t o  TaSle I) ,  two values of a are 

The values of a VS. a are shown i n  f ig .  3. 1 For 

l l i s ted ;  one given i n  t h e  reference paper and t h e  second ( i n  brackets) calcu- 

I 
~ 

la ted by us. The second value of a f o r  t h e  PVC system was determined by 

another author3'. Systems K1 - K7 were found t o  haxe constant values of 

kl = 0.28 - 0.37, depending on the  system. Symbol M denotes those sytens 

where the  Martin equation i s  fulfilled. 

DISCUSSIOR 

The parameter y i n  previous papers vas shown t o  be proportional t o  t h e  

c r i t i c a l  mixing concentration ( c  

I n  our method of superposition of viscosi ty  data  w e  were able t o  es tab l i sh  

) and/or entznglanent concentration (ce) ,  c r i t  

I 

t h e  exact values of al. 

t h e  value of which depended only on t h e  select ion of reference FII. 

However K always contained t h e  disposable constant, 1 

I n  t w o  

or  c . Assuming those c r i t  e cases we kncw the  molecular weight dependence of c 

parameters t o  be n m e r i c d l y  equal t o  Y, i\rC were ab12 t o  cs lcu lz tc  K 

for  those systems. 

lg9 m = 1.18 was found. value 

30°C, ce = 3.02 x 10 Y -0*693 was experimentally estcblished. For t h i s  

system k /m 

respectively.  

are 0.37 and 0.28, which lezd t o  n1 = 1.18. 

1 and "1 
For the  PS-9-solvent systex (cyclohexme, 34. hoc),  t h e  

For t h e  Folyvinvl alcohol - water system at 1 

V 
4 6 and N = 10 f o r  M = 10 was calculated as equal t o  0.31 and 0.24 1 1  

The experimental interpolated values f o r  kl f o r  these smples  

The sane value of m found f o r  poor m d  fsirly good (3 = 0.64) solvent 1 

systens may be taken as an experimental indicat ion of i n sens i t i v i ty  of m1 t o  

changes i n  . 
0 

The theore t icz l  v d u e  of a1 can be calcul3;t;ed from eq, (15) i f  m is  
0 

known. I ts  theore t ics1  value of cnlculzted f o r  face ceatered cubic 
a 
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l a t t i c e  packing of h a d  spheres cer ta in ly  c,tnnot be applied t o  t h e  polymer 

c o i l  systeris, 

for PS-0-solvent (E?* = 2.26); no = 5.263. 

the  elongztion of polyner co i l s  i n  accord with 'Xurzt?,'s i n i t i a l  c s suq t ion .  

Using t h e  expe r iwc t s l  value of 3 = 1.18 ~e cnn ca lcu la te  1 

This  high volue of n nay indicate  
0 

The encoapassed c o i l  volwae of a nacro3olecule cannot be inpem-er.ble t o  t h e  

sepients of other polyrcr molecules. This leads t o  t h e  conclusion t h z t  t h e  

true" vcluc of E is even lcxger. On t h e  other hmd, interpenetr2hion should 11 

0 

increase with increesing the  c o i l  voluye, i.e. with increasing the  solvent 

1' power, These phenornena nay be responsible fo r  the  r e l a t i v e  s t a b i l i t y  of n 

At present it i s  inpossible t o  predict  i t s  value i n  other thcn %solvent 

conditions, 

investigated systec- and t h c t  it s l igh t ly  decreases with bprovement of 

We hcve t h e  evidencelS2 t h a t  i s  independent of Y fo r  each 1 

solvent. Fron eqs. ( 4 )  and (15): 

if ml a al(M), then the  rioleculnr weight deper.dence of F(a ) mst  be compen- 

szted by 11 

0 

and a* changes, The l p s t  cauctior, indicctes a l s o  t h a t  even for 
0 

t h e  s m e  solvent Fower we ccnnot expect t h c  snce values of ?I 

differences i n  ?.e. However it i s  worth noting th& t h e  contributicn of t he  

due t o  possible 1 

second "coripressibility of a coi l"  t e r -  of t h e  h s t  r e l a t ion  is  of t h e  order 

of O*b%* Then fo r  p rac t i ca l  reasons t h a t  rel=ttion can be sir?plified t o  t he  

Q 2  c1 = 2*5 * 

In  f ig .  4 the  experinental v c h e s  cf log(K.Kl/nl) VS. ( a  - E, ) are pre- 1 

sented, fron which the  following r e l a t ion  i s  obtained: 
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f0c1/z~ = const.(2.0 x LO 5 ) 

Here the  const, depends on the solvent power. Vith few exceptions f o r  a l l  

sys tem w i t h  c, Fnr sys tem with a > 0.7 no s ingle  

vnlue czn be j u s t i f i e d  and 1 . 4  5 const. 4 3.0. 

0.7 t h e  const. = 1.4. 

Introducing these enpi r ica l  

values in to  eq. ( 4 )  we obtcin: 

kl = (const . )'l(M/2 10 5 ) (17) 

5 F'rorn eq. (17) fo r  14 = 2 x 1 0  the IIuggins crlnstant k 

on t h e  polyzer-solvent s y s t m .  It i s  worth noting t h a t  eqs. (8),  (10) and (15) 

w i t h  t h e  Etssurpticn xo = 5.263 and when changing a2 f ron 1 t o  3,  i .e., changins 

solvent fro? 0 t g  good solvent, predict  8 v v h t i c n  of k 

= 0.71 - 0.33, depending 1 

0 

frm 0.79 t o  0.26. 1 

The const. i n  eq. (17) r.ut be prcportioncl ts  TI^, znd good agreement between 

k predicted from t heo re t i ca l  and calculated fron empirical re la t ions  once more I 
demonstrates t he  in sens i t i v i ty  of n on solvent power, Frog a consideration of 

t h e  packing .c?f the  p o l p e r  co i l s  i n  t h e  s o l u t i m  w e  h?xe tc ,  deduce t h a t  n& 
1 

only t h e  solvent power, but also t he  c h e d c n l  s t ruc ture  nf t h e  p d p e r  chain 

p h y s  n r o l e  on m and n 

solvent i n t e r x t i - n  a r  t 3  t h e  high s t i f f n e s s  crf p o l p e r  chain, 9us t  cause an 

-4 l o r e  extended c o i l ,  due t? high p o l p e r  segment - 
0 1' 

increase of n pad a decrease of p1 permeter .  This  can explsin the  s c a t t e r  

of KK /n values i n  f ig .  4, for o > 0.7, 2nd t h e  inpess ib i l i t y  of findinp, 8 
0 1 

1 1  

single vz1uz fcr t h e  ccr;st. I n  eq. (17) f2r these higher ?,'E. 

Next l e t  us discuss t h e  !I dependences of Y m d  [n], i .e.,  t h e  a vs. a1 

re la t ion .  In f i g .  3 t h e  experinental vclues nf a vs. - are plctted. As cnn 

be seen dependinz 3n t h e  ac tua l  value of z ,  the difference (a - 5)  ccn be 

= 0.8, io?., i n  good pos i t ive ,  zero, o r  negctive, I n  par t icu lar  at a = 

solvent systems, t h e  parayeter f nust  be independent of M and t h e  sJrrnmetry of 

"1 

"1 

@ 
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For these systeas hydrodynamic 

k is independent of 14, 

volmc s h ~ ~ I . 6  be t h e  sane as t h e  rsctud one. 

1 

The so l id  l i n e  i n  f ig .  3 wcs ccilcuhted assming l/Y t o  be prcportional 

t o  V a d  t h e  vz l id i ty  of eqs, (7)  m d  ( 9 ) .  
P 

cqs . : 
Simple d e r i v a t i m  leads t o  t h e  

Frm eqs. (16) and (18) f ina l ly  we have: 

As can be secn frm f i g ,  3, eq. (18s) predicts a c x r e c t  re la t icnship between 

CL and al, which inclicstes t h z t  t h e  assunptions lending t o  eq. ( 9 )  me jus t i f i ed ,  

Recently Z ~ k i n ~ ~  established experirtentdly t h a t  f o r  PIB end PS i n  good e 
solvents t h e  product k 01 = const. Eg, (15) with 3 = const. fai ls  t o  agree 

with t h i s  r e l a t i an ,  clue to too strong a dependnece cf a 
3 

t h e  chmge i n  a2 fron 2 t o  2.5 3ives n 20% increase i n  b On the  other hand 

t h e  empirical eq. (17) conbincd with eq. (lea) fcr8 a: = 1.9 - 2.6 lends to:  

kl = (1/1.4)(M/2.0 x 10 * -00049*0*013 , If Znkin's 6crivztion is  correct,  

1 0  1 
on y; for instance 

0 1' 

then: - ( a h  k,/aln Z), = ( a h  ao/aln M ) T  = 0.049 * 0.013. 
Berry t h e  seccnd dkriv2tive for  the PS-toluene systen var ies  fr?r! 0.04 t o  0.08, 

Fron dztc  D f  - 
a 

which is i n  f a i r l y  qmd q r e m e n t  with previous l in i t s .  It nust be noted, 

however, t h c t  Zzkin's equation can be caplied Ynly fo r  %he system with 

2 = 0.6  - 0,7, 

have different  'x 

QJ 

Systens with lower 3r higher v2lues of t h e  a - p m a e t e r  w i l l  

1 1 0  = k ( a  ) re lat ions,  

Finally i n  f i q .  5 t h e  kl[n] VS. dcLtn 1 fc?r PS i n  t7luene m e  presented, 
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The l ines  A, E, and C represent t h e  s m e  date  plotteS! vs. Mn 3s i n  fi8, 4 

of t he  c i ted  pcper. 

exclude2 when t h e  pro2.uct k is p lc t t sd  VS. M . 
1 As expxted. t h e  hetcrpgeneity of t h e  smples  is ? h o s t  

1 W 

The r.uthcr wishes t o  th,ank Professor Sinhs c?f t h i s  University for  h i s  

i n t e re s t  e.nd helpful discussims . 
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LEGENDS FOR FIGURES 

Fig. 1, 

bonate (curves 19, 20) solutions. 

kl[n] VS. 81 fo r  star branched polystyrene (curves 5 ,  6) and polycar- 

Bumbers r e fe r  t o  Table I. 

Fig. 2. 

32) and amylose (curve 36) solutions,  

k [q] vs, M fo r  neoprene (curve 27), t r i n i t r o  cel lulose (curves 31, 1 
Numbers r e f e r  t o  Table I. 

Fig. 3, Exponent a VS. al* Points a r e  experimental; curve eq. (18a) Numbers 

r e fe r  t o  Table I. 

Fig. 4, 

Table I. 

systems where a > 0.7. Lines a re  drawn a r b i t r a r i l v .  

Semilogarithmic p lo t  of (J.CKl/ml) V S ~  (a - all. ??umbers r e fe r  t o  

0.7, empty c i r c l e s  represent F u l l  c i r c l e s  represent systems where a 

Fig. 5. 

VS. Mn dependence' f o r  t he  same se t  of experimental data separated in to  three 

ranges of heterogeneity. 

Product k,[n] VS. !.Iw f o r  PS i n  toluene a t  3OoC. Lines show k,[n] 
& 
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